Interfacing HPLC-flame AAS Using a Thermospray Nebulizer Speciation Studies of Calcium and Magnesium. by Choi, Duk Soon
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1988
Interfacing HPLC-flame AAS Using a
Thermospray Nebulizer Speciation Studies of
Calcium and Magnesium.
Duk Soon Choi
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Choi, Duk Soon, "Interfacing HPLC-flame AAS Using a Thermospray Nebulizer Speciation Studies of Calcium and Magnesium."
(1988). LSU Historical Dissertations and Theses. 4627.
https://digitalcommons.lsu.edu/gradschool_disstheses/4627
INFORMATION TO USERS
The most advanced technology has been used to photo­
graph and reproduce this manuscript from the microfilm 
master. UMI films the text directly from the original or 
copy submitted. Thus, some thesis and dissertation copies 
are in typewriter face, while others may be from any type 
of computer printer.
The quality of th is reproduction is dependent upon the 
quality of the copy submitted. Broken or indistinct print, 
colored or poor quality illustrations and photographs, 
print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction.
In the unlikely event that the author did not send UMI a 
complete manuscript and Liere are missing pages, these 
will be noted. Also, if unauthorized copyright m aterial 
had to be removed, a note will indicate the deletion.
Oversize materials (e.g., maps, drawings, charts) are re­
produced by sectioning the original, beginning at the 
upper left-hand corner and continuing from left to right in 
equal sections with small overlaps. Each original is also 
photographed in one exposure and is included in reduced 
form at the back of the book. These are also available as 
one exposure on a standard 35mm slide or as a 17" x 23" 
black and w hite photographic p rin t for an additional 
charge.
Photographs included in the original manuscript have 
been reproduced xerographically in this copy. Higher 
quality 6" x 9" black and white photographic prints are 
available for any photographs or illustrations appearing 
in this copy for an additional charge. Contact UMI directly 
to order.
University Microfilms International 
A Bell & Howell Information C om pany  
300  North Z eeb  Road, Ann Arbor, Ml 48106-1346 USA 
313/761-4700  800 /521-0600
Order Number 8917806
Interfacing HPLC-flame A A S using a thermospray nebulizer 
speciation studies o f calcium and magnesium
Choi, Duk Soon, Ph.D.
The Louisiana State University and Agricultural and Mechanical Col., 1988
U M I
300 N. Zeeb Rd.
Ann Arbor, MI 48106
INTERFACING HPLC-FLAME AAS USING A THERMOSPRAY NEBULIZER 
SPECIATION STUDIES OF CALC IUM AND MAGNESIUM
A D i s s e r t a t i o n
S u b m i t t e d  t o  t h e  G r a d u a t e  F a c u l t y  o f  t h e  
L o u i s i a n a  S t a t e  U n i v e r s i t y  and  
A g r i c u l t u r a l  and  M e c h a n i c a l  C o l l e g e  
i n  p a r t i a l  f u l f i l l m e n t  o f  t h e  
r e q u i r e m e n t  o f  t h e  d e g r e e  o f  
D o c t o r  o f  P h i l o s o p h y
i n
The D e p a r t m e n t  o f  C h e m i s t r y
by
Duk Soon  Choi




f o r  h e r  l o v i n g  and p a t i e n c e
and
Eunkyung and  E u n j a e  
who c o u l d  b r i n g  
a  s m i l e  t o  my f a c e
i i
ACKNOWLEDGEMENT
F i r s t  o f .  a l l ,  t h e  a u t h o r  w i s h e s  t o  t h a n k  h i s  p a r e n t s  
and  o t h e r  f a m i l y  members  who have  p r o v i d e d  much f i n a n c i a l  
and  s p i r i t u a l  s u p p o r t .
The a u t h o r  w i s h e s  t o  t h a n k  Dr .  J .  W. R o b i n s o n  f o r  h i s
p a t i e n t  g u i d a n c e  and  d i r e c t i o n  i n  t h e  p u r s u i t  o f  t h e
a u t h o r ’ s r e s e a r c h .
The a u t h o r  w i s h e s  t o  t h a n k  a l l  t h e  p e r s o n n e l s  o f  t h e  
C o l l e g e  o f  B a s i c  S c i e n c e s  m a c h i n e  s h o p  and  e l e c t r o n i c  s ho p  
f o r  t h e i r  a s s i s t a n c e  i n  c o n s t r u c t i o n  and  r e p a i r i n g  o f  t h e  
i n s t r u m e n t  u s e d  f o r  t h i s  s t u d y .
The a u t h o r  w i s h e s  t o  t h a n k  t h e  c o l l e a g u e s  Dr .  Shu Mo,
Mr. P e t e r  Chang and  Mrs.  J a n e  Murungi  who w i l l i n g l y  h e l p  
t h i s  r e s e a r c h  a s  w e l l  a s  t h e  p r e p a r i n g  t h i s  m a n u s c r i p t .
FORWARD
P a r t s  o f  t h i s  d i s s e r t a t i o n  h a ve  b e e n  p u b l i s h e d  o r  
p r e s e n t e d :
The D e v e l o p m e n t  o f  a  T h e r m o s p r a y  Flame  A t o m i z e r  f o r  AA, 
I mpr oved  S e n s i t i v i t y ,  I n t e r f a c i n g  w i t h  HPLC
J .  W. R o b i n s o n ,  D. S. C h o i ,  S p e c t r o s c o p y  L e t t e r s . 1987 ,  2 0 , 
375
A S t u d y  of  t h e  U p t ak e  by Duckweed of  Aluminum,  C o p p e r ,  and 
Lead f rom Aqueous  S o l u t i o n
S. S. Mo, D. S.  C h o i ,  J .  W. R o b i n s o n ,  E n v i r o n m e n t a l  S c i e n c e  
and H e a l t h . 1988 ,  A 2 3 ( 2 ) . 139
S p e c i a t i o n  S t u d i e s  o f  C o pp e r  and  Magnesium i n  Duckweed 
E x t r a c t  u s i n g  I n t e r f a c e d  HPLC and  T h e r m o s p r a y  N e b u l i z e r  
F l ame  AA
S. S. Mo, D. S.  C h o i ,  J .  W. R o b i n s o n ,  E n v i r o n m e n t a l  S c i e n c e  
and  H e a l t h .  1988 ,  A23C5) . 441
A C i r c u l a r  F lame  B u r n e r  w i t h  Q u a r t z  T A d a p t o r  f o r  M e r c ur y  
D e t e r m i n a t i o n ,  Improved  S e n s i t i v i t y
J .  W. R o b i n s o n ,  D. S. C h o i ,  S p e c t r o s c o p y  L e t t e r s . 1988 ,  21 .  
i n  p r e s s
i v
U p t a k e  of  M e r c u r y  f rom Aqueous  S o l u t i o n  by Duckweeds :  
E f f e c t  of  pH, Copper  and  Humic S u b s t a n c e s
S. C. Mo, D. S. C h o i ,  J .  W. R o b i n s o n ,  E n v i r o n m e n t a l  S c i e n c e  
and  H e a 1t h . 1988,  A23. i n  p r e s s
Method of  Meta l  P r e c o n c e n t r a t i o n  u s i n g  a  T h e r m o s p r a y
J .  W, R o b i n s o n ,  D. S.  C h o i ,  S p e c t r o s c o p y  L e t t e r s . 1988,  2 1 .
i n  p r e s s
S p e c i a t i o n  o f  Meta l  Compounds i n  Body F l u i d s ,  P o t e n t i a l  a s  
a D i a g n o s t i c  Tool
J ,  W. R o b i n s o n ,  D. S. C h o i ,  42nd ACS S o u t h w e s t  R e g i o n a l  
M e e t i n g  ( 1 9 8 6 ) ,  H o u s t o n ,  Tx.
New Atomic  A b s o r p t i o n  F l ame  A t o m i z e r  w i t h  Improved
S e n s i t i v i t y  a nd  HPLC At omi c  A b s o r p t i o n  I n t e r f a c i n g  
J .  W. R o b i n s o n ,  D. S. C h o i ,  42nd ACS S o u t h w e s t  R e g i o n a l  
M e e t i n g  ( 1 9 8 6 ) ,  H o u s t o n ,  Tx.
I n t e r f a c i n g  HPLC u s i n g  a  T h e r m o s p r a y  N e b u l i z e r  Improved 
S e n s i t i v i t y ,  E l i m i n a t i o n  of  S o l v e n t  E f f e c t s .
J .  W. R o b i n s o n ,  D. S.  C h o i ,  1 9 4 t h  ACS N a t i o n a l  M ee t i ng  
( 1 9 8 7 ) ,  New O r l e a n s ,  La .
v
TABLE DF CONTENTS
DEDICATION .............................................................................................................. i i
ACKNOWLEDGEMENTS ..............................................................................................  i i i
FOREWORD ...................................................................................................................  i v
LIST OF TABLES .....................................................................................................  x i v
LIST OF FIGURES ..................................................................................................  xvi
ABSTRACT ...................................................................................................................  xxi
GENERAL INTRODUCTION
1. I n t r o d u c t i o n  ........................................    1
2.  S i g n i f i c a n c e  of  S p e c i a t i o n  ...............................    1
3.  H i s t o r i c a l  A s p e c t s  and E p i s o d e s  .............................................  3
4.  E x p e r i m e n t a l  T e c h n i q u e s  f o r  Meta l  S p e c i a t i o n  ............  6
5 .  S p e c i a t i o n  u s i n g  C h r o m a t o g r a p h y  .............................................  13
a )  S e p a r a t i o n  Mode o f  LC .............................................................  15
b)  LC D e t e c t o r s  ................................................. •' ................................  19
6.  C h r o m a t o g r a p h y - A t o m i c  A b s o r p t i o n  S p e c t r o s c o p y  . . . .  22
a )  Gas Chr o ma to g r a ph y- AAS ...............  23
b)  L i q u i d  Chr oma t og r aphy- AAS ...................................................  25
7.  R e a s o n s  o f  T h i s  S t u d y  ....................................................................... 29
v i
PART ONE
DEVELOPMENT OF THERMOSPRAY NEBULIZER AS A SAMPLE 
INTRODUCING DEVICE TO FLAME ATOMIZER: INTERFACING 
TO HIGH PERFORMANCE LIQUID CHROMATOGRAPHY ..................  32
1. I n t r o d u c t i o n ..................................................................................    33
2 .  I n t r o d u c t i o n  t o  Atomic  A b s o r p t i o n  S p e c t r o s c o p y  . . .  34
A. R a d i a t i o n  S o u r c e s  ...................      36
1) Hol low C a t h o d e  Lamp ...............................................................  36
2) D e m o u n t a b l e  Hol low C a t h o d e  Lamp ............................  37
3) E 1 e c t r o d e  1 e s s  D i s c h a r g e  Lamp ...........................   39
B. M o d u l a t i o n  of  R a d i a t i o n   ................    39
C. A t o m i z e r s  ........................................................................................... 40
1} F l ame  A t o m i z e r  .......................................................................  41
2)  G r a p h i t e  F u r n a c e  A t o m i z e r  ............................................ 44
3)  H y d r i d e  G e n e r a t i o n  .............................................................  45
D. B a c k g r o u n d  C o r r e c t i o n  Method ..........................................  46
1) Co n t i n u u m S o u r c e  B a c k g r o u n d  C o r r e c t i o n  ..........  47
2)  S m i th  H i e f j e  Method ........................................................... 48
3)  Zeeman B a c k g r o u n d  C o r r e c t i o n  ....................................  48
E. O t h e r  Componen t s  .........................................................................  50
3 .  A t o m i z a t i o n  P r o c e s s e s  i n  F l ame  Atomic  A b s o r p t i o n  
S p e c t r o s c o p y  ............................................................................................  51
A. A b s o r p t i o n  o f  R a d i a t i o n  by F r e e  Atoms  ................. 51
B. F o r m a t i o n  of  F r e e  Atoms In  Flame  A t o m i z e r  .........  55
v i i
C. N e b u l i z e r s  u s e d  i n  F lame  AAS ..........................................  59
1) P n e u m a t i c  C o n c e n t r i c  N e b u l i z e r   ................ 59
2)  U l t r a s o n i c  n e b u l i z e r  ........................................................  61
D. T h e r m o s p r a y  n e b u l i z e r . ...............................    62
4.  E x p e r i m e n t a l  .............................................................................................  67
A. E q u i p m en t  ........................................................................................... 67
6 .  R e a g e n t s  and C h e m i c a l s  ..........................................................  68
C. C o n s t r u c t i o n  o f  T h e r m o s p r a y  N e b u l i z e r  ...................  68
D. C o n s t r u c t i o n  o f  T h e r m o s p r a y  N e b u l i z e r  I n t e r f a c e  69
5.  E v a l u a t i o n  of  T h e r m o s p r a y  N e b u l i z e r  ...................................  73
A. E f f e c t  o f  E n e r g y  I n p u t  t o  T h e r m o s p r a y  N e b u l i z e r
on t h e  AA S i g n a l  ........................................................   74
1) E x p e r i m e n t a l  P r o c e d u r e  ................................    74
2)  R e s u l t s  and D i s c u s s i o n s  ................................................. 75
a )  O b s e r v a t i o n  of  A e r o s o l  G e n e r a t i o n  P a t t e r n  75
b)  AA S i g n a l  R e s p o n s e  ...........................................................  80
c)  AA S i g n a l  S t a b i l i t y  ...................................    83
d)  Optimum O p e r a t i n g  C o n d i t i o n  ....................................  85
3)  Summary .......................................................................................... 87
B. S t u d i e s  o f  t h e  S u p e r h e a t e d  Vapor  ................................  88
1) E x p e r i m e n t a l  P r o c e d u r e  ....................   88
2)  R e s u l t s  and  D i s c u s s i o n s  ....................   89
a )  S t u d i e s  o f  A n a l y t e s  i n  S u p e r h e a t e d  Vapor  . .  89
b) O n- L i ne  Meta l  P r e c o n c e n t r a t i o n  Mode ................ 92
c )  T h e r m o s p r a y  N e b u l i z e r  Washing Method .............  96
v i i i
C. A n a l y t e  T r a n s p o r t a t i o n  E f f i c i e n c y   .........................  98
1) E x p e r i m e n t a l  P r o c e d u r e ....................   98
2)  R e s u l t s  and D i s c u s s i o n s  ................................................. 99
a )  S o l v e n t  - T r a n s p o r t a t i o n  E f f i c i e n c y  ..................... 99
b) A n a l y t e  T r a n s p o r t a t i o n  E f f i c i e n c y  ..................... 100
D. S t u d i e s  on Memory E f f e c t  ..........................................    104
1) E x p e r i m e n t a l  P r o c e d u r e   .........................................  104
2) R e s u l t s  and  D i s c u s s i o n s  .................................................  105
3) C o n c l u s i o n  ....................................................................................  107
E. E f f e c t  o f  S o l v e n t  Flow R a t e  .............................................  108
1) E x p e r i m e n t a l  P r o c e d u r e  ...................................................  108
2)  R e s u l t s  and  D i s c u s s i o n s  .................................................  109
F.  E f f e c t  o f  U s i n g  D i f f e r e n t  S o l v e n t s  ............................ 123
1) E x p e r i m e n t a l  P r o c e d u r e  ...................................................  123
2)  R e s u l t s  and D i s c u s s i o n s  .................................................  124
G. S t u d i e s  on Pe ak  D i s p e r s i o n  .................................................  133
1) E x p e r i m e n t a l  P r o c e d u r e   ..............................................  134
2)  R e s u l t s  and  D i s c u s s i o n s  .................................................  135
H. Summary .................................................................................. -.............  139
PART TWO
DEVELOPMENT OF A CIRCULAR FLAME ATOMIZER SYSTEM FOR 
MERCURY DETERMINATION .......................................................................  140
i x
1. I n t r o d u c t i o n  t o  M er cu ry  A n a l y s i s  ........................................  141
2.  E x p e r i m e n t a l  ..................................    148
a )  E q u i p m e n t s  .........................................................................................  148
b)  R e a g e n t s  and C h e m i c a l s  ..........................................................  150
c)  C o n s t r u c t i o n  o f  B u r n e r  Head  .................................  150
d)  C o n s t r u c t i o n  o f  A t o m i z e r  S y s t e m .........................................  150
e )  E x p e r i m e n t a l  P r o c e d u r e ..... ..........................................................  152
3.  R e s u l t s  and  D i s c u s s i o n s  .................................................................  155
a )  E f f e c t  o f  E n e r g y  I n p u t  on AA S i g n a l  ............................ 155
b)  E f f e c t  o f  Gas Flow  ...........................................................  157
c )  S i g n a l  S t a b i l i t y  ..........................................................   160
j
d) E f f e c t  o f  S o l v e n t  Flow R a t e ..... .............................................. 160
e )  E f f e c t  o f  V e r t i c a l  E x t e n s i o n  T u b e ................................. 163
4.  C o n c l u s i o n s  .........................................................     167
PART THREE
APPLICATION OF THERMOSPRAY NEBULIZER FLAME AAS SYSTEM 
TO THE STUDY OF THE MERCURY UPTAKE FROM AQUEOUS 
SOLUTIONS BY DUCKWEED AND THE EFFECT OF pH, COPPER, 
EDTA AND HUMIC ACID ..........................................................................  168
1. I n t r o d u c t i o n  ..............................................................................................  169
2.  E x p e r i m e n t a l  .............................................................................................  171






















b ) R e a g e n t s  ................... . ........................................................................
c)  M a t e r i a l s  a nd  M e t h o d s ............. . .............................................
R e s u l t s  and D i s c u s s i o n s  ................................. .............................
a )  U p t a k e  of  M e r c u r y  ........................................................................
b)  E f f e c t  of  Copper  o f  Mer cu r y  U p t a k e  ............................
c )  E f f e c t  o f  EDTA and  Humic Acid  ........................................
C o n c l u s i o n s  ...............................................................................................
PART FOUR
STUDY ON THE EFFECT OF HEAVY METALS TO DUCKWEED 
CHLOROPHYLL USING HPLC-FLAME AAS .........................................
I n t r o d u c t I  on  .........................................................* ..............................
E x p e r i m e n t a l  ............................................................................................
a )  E q u i p m e n t s  .........................................................................................
b ) R e a g e n t s  ................................................... ..........................................
c)  Duckweed Sampl e  P r e p a r a t i o n s  ............................................
d)  E x t r a c t i o n  o f  C h l o r o p h y l l   ....................................
R e s u l t s  and D i s c u s s i o n s  ................................................................
a )  D i s t r i b u t i o n  o f  Heavy Meta l  i n  Sample  .....................
b)  D e v e l o p m e n t  o f  C hr oma tog r a m  .......................................
c )  I d e n t i f i c a t i o n  o f  C h l o r o p h y l l  .........................................
d)  E f f e c t  o f  Heavy M e t a l s  on C h l o r o p h y l l  i n  Vivo . 
C o n c l u s i o n  .................................................................................................
xi
PART FIVE
APPLICATION OF INTERFACED HPLC-AA USING THERMOSPRAY 
NEBULIZER: SPECIATION OF CALCIUM COMPOUNDS IN URINE 
AND PERSPIRATION ..................................................................................  215
1. I n t r o d u c t i o n  ...........................................................................    216
2.  E x p e r i m e n t a l   .............................................................................   224
a)  E q u i p m e n t s   ...................................      224
b)  R e a g e n t s  and  C h e m i c a l s  ...........................................................  224
E x p e r i m e n t a l  P r o c e d u r e s  ................................................................  225
a )  Sample  C o l l e c t i o n s  ............      225
b) P r e l i m i n a r y  S t u d i e s  on U r i n e  Sample  ............................ 226
c)  HPLC-Flame AAS E x p e r i m e n t  ...................................................  226
3.  E x p e r i m e n t a l ,  R e s u l t s ,  and D i s c u s s i o n s  ...........................  228
a )  P r e l i m i n a r y  D e t e r m i n a t i o n  o f  T o t a l  C a l c i u m
i n  U r i n e  ............................................................................................... 228
D e v e l o p m e n t  o f  C h r o m a t o g r a p h i c  C o n d i t i o n s  ..................  230
a )  Use o f  C a t i o n  E x c h a n g e  Column ..........................................  230
b)  Use o f  An i on  E x c ha n ge  Column .............................................  235
c)  Use o f  R e v e r s e d  P h a s e  Column .............................................  237
d)  Ion P a i r i n g  T e c h n i q u e  w i t h  R e v e r s e d  P h a s e
Column ....................................................................................................  239
e )  Use o f  Ion  P a i r i n g  T e c h n i q u e  ..................................... 241
A t t e m p t s  t o  I d e n t i f y  t h e  C a l c i u m  Compounds i n
U r i n e  and  P e r s p i r a t i o n  ................................................................... 248
xi  i
a )  S i z e  E x c l u s i o n  Column ............................................................  250
b)  MS and  IR A n a l y s i s  . . .......................................................... 251
4.  C o n c l u s i o n  .  ..........   . ........................................  2S3
R e f e r e n c e s  ................................................................................. . .........................  264
V i t a  .............................................................................................................................  271
x i  i i
LIST OF TABLES
Page
1. P r o p e r t i e s  o f  V a r i o u s  F l am e s  .....................................................  44
2 .  E f f e c t  o f  A u x i l i a r y  Gas Flow on N e b u l i z a t i o n
Ef f i c i e n c y  . . ............................................................................................  60
3.  Amount o f  A n a l y t e  i n  S u p e r h e a t e d  Vapor  ............................ 90
4.  C o m p a r i s o n  o f  AA S i g n a l  u s i n g  p n e u m a t i c  n e b u l i z e r  and
t h e r m o s p r a y  n e b u l i z e r  a t  P r e c o n c e n t r a t i o n  Mode . . .  95
5.  A n a l y t e  T r a n s p o r t a t i o n  E f f i c i e n c y  a t  D i f f e r e n t  E n e r g y
I n p u t  ..............................................................................................................  101
6.  A n a l y t e  T r a n s p o r t a t i o n  E f f i c i e n c y  a t  1 . 0  mL/min . .  102
7.  A n a l y t e  T r a n s p o r t a t i o n  E f f i c i e n c y  a t  2 . 0  mL/min . .  102
8.  E n e r g y  I n p u t  a p p l i e d  t o  T h e r m o s p r a y  N e b u l i z e r  a t
D i f f e r e n t  Flow R a t e s  ........................................................................  109
9.  C o m p a r i s o n  o f  S e n s i t i v i t y  u s i n g  D i f f e r e n t  N e b u l i z e r s
  122
10.  E n e r g y  I n p u t  a p p l i e d  t o  T h e r m o s p r a y  N e b u l i z e r  a t
D i f f e r e n t  S o l v e n t s  and  Flow R a t e s  ....................................... 124
11.  T r a n s p o r t a t i o n  E f f i c i e n c y  w i t h  D i f f e r e n t  S o l v e n t s  131
12.  C o m p a r i s o n  o f  Peak  D i s p e r s i o n  F a c t o r s  f rom V a r i o u s
D e t e c t o r s  ...........................................................................................   136
13.  O p e r a t i n g  C o n d i t i o n s  of  C i r c u l a r  F l ame  A t o m i z e r  . .  163
14.  E f f e c t  o f  V e r t i c a l  Tu be s  on Hg S i g n a l  .............................. 165
15.  C o m p o s i t i o n  o f  T e s t  S o l u t i o n s  ..................................................  173
16.  C o n c e n t r a t i o n  of  Hg i n  duckweed  a f t e r  10 d a y s  . . . .  178
x i v
17.  C h r o m a t o g r a p h y  C o n d i t i o n s  f o r  C h l o r o p h y l l  .................... 201
18.  P r e l i m i n a r y  C h r o m a t o g r a p h i c  C o n d i t i o n s  f o r  C a l c i u m
Compounds S p e c i a t i o n   ...........................................................  219
19.  Amount o f  C a l c i u m  i n  U r i n e  F r a c t i o n s  ................................  229
20 .  M o b i l e  P h a s e  T e s t e d  w i t h  C a t i o n  E x c ha ng e  Column . .  233
21 .  M o b i l e  P h a s e  T e s t e d  w i t h  Anion  Exchange  Column . . .  237
22 .  Summary o f  C h r o m a t o g r a p h y  C o n d i t i o n s  T e s t e d  w i t h  Ion 
P a i r  T e c h n i q u e  ......................      245
23 .  C h r o m a t o g r a p h y  C o n d i t i o n s  w i t h  Ion P a i r




1. Key Componen t s  i n  AAS ............................................................   35
2.  D e mo u n t a b l e  Ho l l ow C a t h o d e  Lamp .............................................. 38
3.  F l ame  A t o m i z e r  ..............     43
4 .  A t o m i z a t i o n  P r o c e s s e s  i n  t h e  F l ame  ......................................  52
5.  V a p o r i z a t i o n  P r o c e s s  i n  t h e  T h e r m o s p r a y  .........................  64
6.  S c h e m a t i c  D i ag r am o f  T h e r m o s p r a y  N e b u l i z e r  .................. 70
7.  T h e r m o s p r a y  N e b u l i z e r  I n t e r f a c i n g  ........................................  71
8.  O b s e r v a t i o n  o f  A e r o s o l  ....................................................................  76
9 .  A e r o s o l  G e n e r a t i o n  P r o c e s s  by T h e r m o s p r a y  N e b u l i z e r  77
10.  E f f e c t  o f  Power  o f  TN on AA s i g n a l  a t  1 . 0  mL/min . .  81
11.  E f f e c t  o f  Power  o f  TN on AA s i g n a l  a t  1 . 5  mL/min . .  82
12.  C o m p a r i s o n  o f  Raw AA S i g n a l s  .....................................................  64
13.  C a l i b r a t i o n  P e a k s  u s i n g  T h e r m o s p r a y  N e b u l i z e r  . . . .  86
14.  AA S i g n a l  o b t a i n e d  a t  S u p e r h e a t e d  Vapor  C o n d i t i o n  . 91
15.  C o m p a r i s o n  of  AA s i g n a l s  a t  n o r ma l  a nd  a t  S u p e r h e a t e d
Vapor  C o n d i t i o n  ......................................   94
16.  Memory E f f e c t  f r om T h e r m o s p r a y  N e b u l i z e r  ........  106
17.  C o m p a r i s o n  o f  Ag S i g n a l  u s i n g  D i f f e r e n t  N e b u l i z e r s  110
18.  C o m p a r i s o n  of  Ca S i g n a l  u s i n g  D i f f e r e n t  N e b u l i z e r s  111
19.  C o m p a r i s o n  o f  Cd S i g n a l  u s i n g  D i f f e r e n t  N e b u l i z e r s  112
20 .  C o m p a r i s o n  o f  Cr S i g n a l  u s i n g  D i f f e r e n t  N e b u l i z e r s  113
21 .  C o mp a r i s o n  o f  Cu S i g n a l  u s i n g  D i f f e r e n t  N e b u l i z e r s  114
22 .  C o m p a r i s o n  of  Fe S i g n a l  u s i n g  D i f f e r e n t  N e b u l i z e r s  115
x v i
23 .  C o m p a r i s o n  o f  Hg S i g n a l  u s i n g  D i f f e r e n t  N e b u l i z e r s  116
24 .  C o m p a r i s o n  o f  Mg S i g n a l  u s i n g  D i f f e r e n t  N e b u l i z e r s  117
25 .  C o mp a r i s o n  o f  Mn S i g n a l  u s i n g  D i f f e r e n t  N e b u l i z e r s  118
26.  C o mp a r i s o n  o f  Ni S i g n a l  u s i n g  D i f f e r e n t  N e b u l i z e r s  119
27.  C o m p a r i s o n  of  Pb S i g n a l  u s i n g  D i f f e r e n t  N e b u l i z e r s  120
2 8 .  C o m p a r i s o n  o f  Zn S i g n a l  u s i n g  D i f f e r e n t  N e b u l i z e r s  121
2 9 .  S o l v e n t  E f f e c t  on Ca w i t h  P n e u m a t i c  N e b u l i z e r  . . . .  125
3 0 .  S o l v e n t  E f f e c t  on Cu w i t h  P n e u m a t i c  N e b u l i z e r  . . . .  126
3 1 .  S o l v e n t  E f f e c t  on Mg w i t h  P n e u m a t i c  N e b u l i z e r  . . . .  127
3 2 .  S o l v e n t  E f f e c t  on Ca w i t h  T h e r m o s p r a y  N e b u l i z e r  . .  123
3 3 .  S o l v e n t  E f f e c t  on Cu w i t h  T h e r m o s p r a y  N e b u l i z e r  . .  129
3 4 .  S o l v e n t  E f f e c t  on Mg w i t h  T h e r m o s p r a y  N e b u l i z e r  . .  130
3 5 .  C o m p a r i s o n  o f  Peak  S h a p e s  f rom D i f f e r e n t  D e t e c t o r s  137
3 6 .  C o mp a r i s o n  o f  C h ro m a t og r a m s  f rom D i f f e r e n t  D e t e c t o r s  
.............................................................................................................................  138
37 .  M e r c u r y  Flame  P r o f i l e  ....................................................................... 146
38 .  Q u a r t z  T Fl ame  A d a p t o r  a nd  E x t e n s i o n  Tubes  .................  149
39.  C i r c u l a r  F l ame  B u r n e r  Head ..........................................................  151
4 0 .  C i r c u l a r  F l ame  A t o m i z e r  S y s t em ................................................ 153
4 1 .  C o mp a r i s o n  o f  Hg S i g n a l s  f rom D i f f e r e n t  A t o m i z e r s  a t
V a r i o u s  Power  I n p u t  t o  T h e r m o s p r a y  N e b u l i z e r  . . . . .  156
4 2 .  E f f e c t  o f  Gas Flow R a t e  on Hg AA S i g n a l  ..............   159
4 3 .  C o m p a r i s o n  o f  M er cu ry  S i g n a l s  f rom D i f f e r e n t  A t o m i z e r s  
       . 161
4 4 .  C a l i b r a t i o n  Cu rv e  o f  M er cu r y  ..................................................... 162
x v i  i
45.  E f f e c t  of  S o l v e n t  Flow on Hg S i g n a l  ...................................  184
46.  Removal  of  M er cu ry  by Duckweed a t  pH 4 ....................  176
47.  Removal  o f  Mer cu r y  by Duckweed a t  pH 5 ....................  177
46.  U p t ak e  of  Mer cu r y  by Duckweed a t  pH 4 ............................. 179
49.  U p t ak e  o f  Mer cu r y  by Duckweed a t  pH 5 ............................. 180
50 .  E f f e c t  o f  pH on Mer cu ry  Removal  by Duckweed ............... 182
51 .  E f f e c t  o f  Cu on Mer cu ry  Removal  by Duckweed
a t  pH 4 ........................................................................................    183
52 .  E f f e c t  o f  Cu on M e r c ur y  Removal  by Duckweed
a t  pH 5 .  ...................................................................................................  184
53 .  E f f e c t  o f  C om p le x i ng  A g e n t s  on Hg Removal  a t  pH 4 187
54 .  E f f e c t  o f  C om p le x i ng  A g e n t s  on Hg Removal  a t  pH 5 188
5 5 .  B lo ck  Diagram o f  HPLC s y s t e m   ........................................  196
56 .  Chroma t og r am o f  C h l o r o p h y l l  E x t r a c t s  f r om F r e s h
Duckweed ....................   203
5 7 .  V i s i b l e  A b s o r p t i o n  S p e c t r u m  o f  Ch 1o r o p h y 11- a  . . . .  204
5 8 .  V i s i b l e  A b s o r p t i o n  S p e c t r u m  of '  C h i o r o p h y 11- b  . . . .  205
59.  C hr oma tog r a m o f  C h l o r o p h y l l  E x t r a c t s  f r om Dead
Duckweed  ..............................   206
6 0 .  C hr oma tog r a m of  C h l o r o p h y l l  E x t r a c t s  e x p o s e d  t o
L i g h t  and  A i r  .........................................................................................  208
61.  Chr oma t og r am of  C h l o r o p h y l l  E x t r a c t s  f rom A1 t r e a t e d  
Duckweed ................................................   209
62.  Chr oma t og r am of  C h l o r o p h y l l  E x t r a c t s  f r om Cd t r e a t e d  
Duckweed ......................................................................................................  210
x v i  i  i
63 .  Chroma t og r am of  C h l o r o p h y l l  E x t r a c t s  f rom Cu t r e a t e d  
Duckweed  ..........................................................    211
64 .  Chroma t og r am o f  C h l o r o p h y l l  E x t r a c t s  f rom Hg t r e a t e d  
Duckweed ......................................................................................................  212
65 .  C hr oma tog r a m of  C h l o r o p h y l l  E x t r a c t s  f rom Zn t r e a t e d  
Duckweed ......................................................................................................  213
66 .  C hr oma tog r a m of  C a l c i u m  Compounds i n  Blood  P l a s m a  220
67.  Chr oma t og r am of  C a l c i u m  Compounds i n  U r i n e  ................. 221
68.  Chr oma t og r am o f  C a l c i u m  Compounds i n  P e r s p i r a t i o n  222
69 .  T y p i c a l  Chr oma t og r am of  C a l c i u m  Compounds i n  U r i n e
u s i n g  C a t i o n  Exc ha ng e  Column ...................................................  234
70.  T y p i c a l  Ch r o ma to gr a m of  C a l c i u m  Compounds i n  U r i n e
u s i n g  Anion  E x c ha ng e  Column .....................................................   238
71.  E f f e c t  o f  Ion P a i r i n g  A g e n t s  on Ca Ion R e t e n t i o n
Time ................................................................................................................. 243
72 .  Chr oma t og r am of  C a l c i u m  Compounds i n  U r i n e  u s i n g  Ion 
P a i r  C h r o m a t o g r a p h y  ......................    247
73.  Ch ro ma to g r a m of  C a l c i u m  Compounds i n  P e r s p i r a t i o n
u s i n g  Ion P a i r  C h r o m a t o g r a p h y  .................................................  249
74.  C hr oma tog r a m o f  U r i n e  u s i n g  S i z e  E x c l u s i o n  Column 252
75.  Mass S p e c t r u m  o f  C a l c i u m  Compounds i n  U r i n e  .............. 255
76.  Mass S p e c t r u m  of  C a l c i u m  Compounds i n  U r i n e  .............. 256
77 .  Hass  S p e c t r u m  of  C a l c i u m  Compounds i n  P e r s p i r a t i o n  257
78.  Mass S p e c t r u m  o f  C a l c i u m  Compounds i n  P e r s p i r a t i o n  258
79.  IR S p e c t r u m  o f  C a l c i u m  Compounds i n  U r i n e  ....................  259
x i x
80. IR S p e c t r u m of C a 1cium Compounds i n Ur i n e  ..................
00 IR S p e c t r u m of C a 1cium Compounds i n P e r s p i r a t i o n  .
82. IR S p e c t r u m o f C a I c i  urn Compounds i n P e r s p i r a t i o n  .
XX
ABSTRACTS
A new s a m p l e  i n t r o d u c t i o n  d e v i c e  f o r  f l a m e  AAS was 
d e v e l o p e d  b a s e d  on t h e  u s e  o f  a  t h e r m o s p r a y  n e b u l i z e r .  The 
t h e r m o s p r a y  n e b u l i z e r  p r o d u c e d  a  r e l a t i v e l y  u n i f o r m  a e r o s o l  
d r o p l e t  s i z e  wh i ch  u n d e r w e n t  d e s o l v a t i o n  b e f o r e  e n t e r i n g  
t h e  f l a m e .  As a r e s u l t ,  s i g n a l  d e p e n d e n c e  on d i f f e r e n t  
s o l v e n t s  a s  s e e n  i n  common p n e u m a t i c  n e b u l i z e r s  was n o t  
o b s e r v e d  w i t h  t h e  t h e r m o s p r a y  n e b u l i z e r .  By p l a c i n g  t h e  
n e b u l i z e r  be low t h e  f l a m e  b u r n e r  h e a d ,  t h e  a n a l y t e  
t r a n s p o r t a t i o n  e f f i c i e n c y  was s i g n i f i c a n t l y  i m p r o v ed  up t o  
60 %. S e n s i t i v i t y  i mp r o v em e n t  o v e r  c o m me r c i a l  p n e u m a t i c  
n e b u l i z e r s  was 5 t o  10 f o l d  d e p e n d i n g  on t h e  m e t a l  s t u d i e d .  
D e t e c t i o n  l i m i t s  o f  pg l e v e l  were  a c h i e v e d  w i t h  t h e  
t h e r m o s p r a y  n e b u l i z e r .  When i n t e r f a c e d  t o  LC, 
c h r o m a t o g r a p h i c  r e s o l u t i o n  was m a i n t a i n e d .  The s y s t e m  was 
c o m p a t i b l e  w i t h  m o s t  s o l v e n t s ,  b u f f e r  s o l u t i o n  o r  m i x t u r e s  
of  s o l v e n t s  p r o d u c e d  i n  g r a d i e n t  e l u t i o n .
The t h e r m o s p r a y  n e b u l i z e r  was a l s o  u s e d  i n  c o n j u n c t i o n  
w i t h  t h e  c i r c u l a r  f l a m e  a t o m i z e r  s y s t e m  d e v e l o p e d  f o r  
m e r c u r y  d e t e c t i o n .  The s y s t e m  y i e l d e d  a  s e n s i t i v i t y  C196 
a b s o r p t i o n )  o f  0 . 2 0  ppm and d e t e c t i o n  l i m i t s  o f  10 ppb a t  
1 . 0  mL/min s o l v e n t  f l o w  r a t e  u s i n g  2 5 3 . 7  nm m e r c u r y  l i n e .  
The a b s o l u t e  s e n s i t i v i t y  was 25 ng and a b s o l u t e  d e t e c t i o n
l i m i t s  was 1 . 5  ng .  T h i s  c o m pa r es  w i t h  a  s e n s i t i v i t y  o f  7 . 5  
ppm f o r  a c o n v e n t i o n a l  b u r n e r .
The d e v e l o p e d  H P L C - t h e r m o s p r a y  n e b u l i z e r  i n t e r f a c e d  
f l a m e  AAS h a s  b e e n  a p p l i e d  f o r  m e t a l  s p e c i a t i o n  s t u d i e s .
The HPLC-Flame AAS s y s t e m  was u s e d  t o  s t u d y  t h e  e f f e c t  of  
h e av y  m e t a l s  on t h e  c h l o r o p h y l l  i n  d uckweed .  S t u d i e s  
i n d i c a t e d  t h a t  t h e  h e a v y  m e t a l s  were  i n v o l v e d  i n  t h e  
d e s t r u c t i o n  o f  c h l o r o p h y l l s .  The mode o f  d e s t r u c t i o n s  
a p p e a r e d  t o  be  t h e  p r o m o t i o n  o f  d e g r a d a t i o n  by heav y  
m e t a l s .  I t  a p p e a r e d  t h a t  h e a v y  m e t a l s  d i d  n o t  r e p l a c e  t h e  
c e n t r a l  Mg i n  c h l o r o p h y l l .  The s u b s e q u e n t  d e t e c t i o n  l i m i t  
of  c h l o r o p h y l l  was a b o u t  10 ng.
T h i s  s y s t e m  was a l s o  u s e d  t o  i n i t i a t e  s t u d y  of  c a l c i u m  
compounds  i n  body  f l u i d s ,  i . e .  u r i n e  a nd  p e r s p i r a t i o n ,  i n  
o r d e r  t o  u n d e r s t a n d  t h e i r  r e l a t i o n s h i p s  w i t h  b l o o d  p l a s m a .  
The c h r o m a t o g r a p h i c  c o n d i t i o n s  we re  d e v e l o p e d  t o  i mp r o v e  
t h e  c h r o m a t o g r a p h i c  r e s o l u t i o n s  of  u r i n a r y  c a l c i u m .  S t u d i e s  
i n d i c a t e d  t h a t  d i f f e r e n t  i n d i v i d u a l s  e x c r e t e d  s i m i l a r  b u t  
s l i g h t l y  d i f f e r e n t  c a l c i u m  compounds  t h r o u g h  u r i n e ,  wh i ch  
a p p e a r e d  d i f f e r e n t  f r om t h o s e  o f  p e r s p i r a t i o n  b a s e d  on t h e  
c h r o m a t o g r a p h i c  r e t e n t i o n  t i m e .  F u r t h e r  a t t e m p t s  t o  
c h a r a c t e r i z e  t h e  p e a k s  u s i n g  mass  s p e c t r o s c o p y  and  i n f r a r e d  
s p e c t r o s c o p y  were  n o t  s u c c e s s f u l .
x x i  i
GENERAL INTRODUCTION
1.  I n t r o d u c t i o n
D e v e l o p m e n t  o f  h i g h l y  s e n s i t i v e  a n a l y t i c a l  t e c h n i q u e s  
h a s  i n c r e a s e d  t h e  i n t e r e s t s  i n  t h e  m e a s u r e m e n t  o f  m e t a l s  i n  
t h e  e n v i r o n m e n t a l  and b i o l o g i c a l  s y s t e m s .  T h i s  h a s  l ed  t o  a 
g r e a t  amoun t  o f  r e s e a r c h  on t h e  m e t a l s  i n  t h e  a r e a  of  
t o x i c o l o g y ,  e n v i r o n m e n t a l  c h e m i s t r y ,  e c o l o g y ,  a g r i c u l t u r e ,  
c l i n i c a l  c h e m i s t r y ,  and r e l a t e d  f i e l d s .  The r e s u l t i n g  
i n f o r m a t i o n  h a s  e x p a n d e d  o u r  u n d e r s t a n d i n g  o f  t h e  r o l e  o f  
m e t a l s  i n  t h e  e n v i r o n m e n t a l  and b i o l o g i c a l  s y s t e m s .
However ,  m o s t  o f  t h e s e  s t u d i e s  w e r e  p e r f o r m e d  b a s e d  on 
t h e  t o t a l  c o n c e n t r a t i o n  o f  m e t a l .  S t u d i e s  have  shown t h a t  
t h e s e  d a t a  g i v e  l i m i t e d  i n f o r m a t i o n  on t h e  a c t u a l  i m p a c t  o f  
m e t a l s  t o  t h e  e n v i r o n m e n t a l  and b i o l o g i c a l  s y s t e m s .  I t  i s  
w e l l  d o c u m e n t e d  t h a t  t h e  i m p a c t  o f  m e t a l s  on t h e  b i o l o g i c a l  
a n d / o r  e n v i r o n m e n t a l  s y s t e m s  v a r i e s  s i g n i f i c a n t l y  d e p e n d i n g  
on t h e i r  c h e m i c a l  and  p h y s i c a l  f o r m s .  To u n d e r s t a n d  t h e  
r o l e  o f  v a r i o u s  m e t a l s  p r o p e r l y ,  i t  i s  n e c e s s a r y  t o  m e a s u r e  
n o t  o n l y  t h e  t o t a l  c o n c e n t r a t i o n  o f  m e t a l  b u t  a l s o  i t s  
a c t u a l  f o r m s .
2 .  S i g n i f i c a n c e  o f  S p e c i a t i o n
D i f f e r e n t  c h e m i c a l  and  p h y s i c a l  f o r m s  o f  m e t a l  
compounds  a r e  known t o  a l t e r  t h e  r a t e  o f  d e c o m p o s i t i o n ,
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t r a n s f o r m a t i o n ,  l o c a l  t r a n s p o r t a t i o n ,  o r  m o b i l i z a t i o n  of  
t h e  m e t a l s  i n  t h e  e n v i r o n m e n t .  The b i o l o g i c a l  a c t i v i t y  and 
t o x i c i t y  o f  a p a r t i c u l a r  m e t a l  a l s o  v a r y  s i g n i f i c a n t l y  f rom 
compound t o  compound.
A w e l l  known e xa mp l e  o f  b i o l o g i c a l  i m p a c t  d e p e n d e n c y  
on c h e m i c a l  form i s  f o u n d  w i t h  t h e  e l e m e n t  chromium;  
chromiumCVI)  i s  b e l i e v e d  t o  be a p o t e n t  c a r c i n o g e n * , w h i l e  
c h r o m i u m f I  I I ) i s  a  n e c e s s a r y  c o n s t i t u e n t  f o r  i n s u l i n  
m e t a b o l i s m  s i n c e  i t '  i s  p a r t  of  t h e  g l u c o s e  t o l e r a n c e  
f a c t o r 2 . Thus ,  i f  t o x i c i t y  s t u d y  w e r e  p e r f o r m e d  b a s e d  on 
t o t a l  c o n c e n t r a t i o n  of  chromium w i t h o u t  i d e n t i f y i n g  i t s  
c h e m i c a l  fo r m,  t h e  s t u d y  may n o t  r e f l e c t  i t s  b i o l o g i c a l  
e f f e c t  b e c a u s e  i t s  p r o p e r t i e s  v a r y  d r a m a t i c a l l y  w i t h  i t s  
c h e m i c a l  f o r m s .
A b s o r p t i o n ,  d i s t r i b u t i o n  among body o r g a n s ,  m e t a b o l i s m  
a nd  e x c r e t i o n  o f  a  m e t a l  a l s o  v a r y  w i d e l y  w i t h  i t s  
d i f f e r e n t  c h e m i c a l  f o r m s .  T h e r e f o r e ,  i t  i s  i m p o r t a n t  t o  
d e t e r m i n e  t h e  a c t u a l  c h e m i c a l  f o r m s  o f  m e t a l s  t o  e v a l u a t e  
p r o p e r l y  t h e i r  p r o p e r t i e s .
S p e c i a t i o n  o f  a  m e t a l  i s  t h e  m e a s u r e m e n t  and 
i d e n t i f i c a t i o n  o f  t h e  i n d i v i d u a l  p h y s i c a l  and  c h e m i c a l  
f o r m s  o f  t h a t  m e t a l  wh i ch  a c t u a l l y  e x i s t  i n  t h e  s a m p l e .  As 
a p p l i e d ,  s p e c i a t i o n  means  i d e n t i f i c a t i o n  o f  i n o r g a n i c ,  
o r g a n o m e t a 11i c ,  o r  o r g a n i c  compounds  a c t u a l l y  p r e s e n t  i n  
t h e  s a m p l e  and m e a s u r e m e n t  of  c o n c e n t r a t i o n  o f  e a c h  s p e c i e s
i n  t h e  s a m p l e .
3.  H i s t o r i c a l  A s p e c t s  and E p i s o d e s
i )  M e r c u r y  E p i s o d e
The c u r r e n t  i n t e r e s t  i n  m e t a l  s p e c i a t i o n  a n a l y s i s  was 
s t i m u l a t e d  by s t u d i e s  o f  m e r c u r y  p o l l u t i o n  i n  Minamata  Bay 
o f  J a p a n  f rom 1953 t o  t h e  e a r l y  1 9 6 0 s . 3 E x t e n s i v e  s t u d i e s  
on t h i s  m a t t e r  c l e a r l y  i n d i c a t e d  t h a t  t h e  m e a s u r e m e n t  o f  
t h e  t o t a l  c o n c e n t r a t i o n  o f  m e r c u r y  was n o t  s u f f i c i e n t  t o  
i l l u s t r a t e  t h e  t o x i c  e f f e c t  o f  t h e  m e r c u r y .  I t  was f o u n d  
t h a t  t h e r e  were  s i g n i f i c a n t l y  d i f f e r e n t  t o x i c  e f f e c t s  
b e t w e e n  d i f f e r e n t  m e r c u r y  compounds .  M o n o v a l e n t  m e r c u r y  was 
r e l a t i v e l y  l e s s  t o x i c  due  t o  i t s  low s o l u b i l i t y .  D i v a l e n t  
m e r c u r y  was more  t o x i c ,  r e a d i l y  f o r m i n g  c o m p l e x e s  w i t h  
o r g a n i c  l i g a n d s ,  e s p e c i a l l y  s u l f h y d r y l  g r o u p s .  O r g a n i c  
m e r c u r y  compounds  i n  g e n e r a l  we re  more  t o x i c  t h a n  i n o r g a n i c  
m e r c u r y  c ompounds .  They r e a c t e d  r e a d i l y  w i t h  b i o l o g i c a l l y  
i m p o r t a n t  l i g a n d s ,  p a r t i c u l a r l y  s u l f h y d r y l  g r o u p s ,  and 
p e n e t r a t e d  b i o l o g i c a l  membranes  b e c a u s e  o f  t h e i r  h i g h  l i p i d  
so  1u b i 1i t y .
Methyl  m e r c u r y  was shown t o  be  e x t r e m e l y  t o x i c  b e c a u s e  
o f  i t s  s t a b i l i t y  i n  v i v o ,  l e a d i n g  t o  e a s y  a c c u m u l a t i o n  i n  
t a r g e t  o r g a n s  b e f o r e  d e c o m p o s i t i o n  and  e x c r e t i o n  f rom t h e
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b o d y . 4 I t  was n e c e s s a r y  t o  c o n d u c t  s p e c i a t i o n  a n a l y s i s  t o  
e v a l u a t e  p r o p e r l y  t h e  t o x i c  e f f e c t s  o f  m e r c u r y  compounds .
A w a r e n e s s  o f  t h e  w id e  v a r i a t i o n  i n  t o x i c  a c t i v i t y  of  
m e r c u r y  compounds  h a s  m o t i v a t e d  t h e  s t u d y  on t h e  e f f e c t  o f  
d i f f e r e n t  c h e m i c a l  f o r m s  o f  o t h e r  h e a v y  m e t a l s  on t h e  t o x i c  
a c t  i v i t y .
i i )  Aluminum T o x i c i t y
Ac id  r a i n  h a s  become a w o r l d  wi de  p r o b l e m .  I t  h a s  been  
shown t h a t  n o t  o n l y  t h e  a c i d i t y  o f  t h e  r a i n ,  b u t  a l s o  
c o n c o m i t a n t  l e a c h i n g  o f  h e av y  m e t a l s  f rom o r e s  and  s o i l s  
p r e s e n t s  p r o b l e m s  by t h r e a t e n i n g  t h e  many f o r m s  o f  a q u a t i c  
l i f e  a s  w e l l  a s  f o r e s t s ,  c r o p s ,  e t c . 3 4 Aluminum i s  one  of  
s e v e r a l  m e t a l s  t h a t  i s  l e a c h e d  o u t  by a c i d  r a i n .  Aluminum 
i s  p a r t i c u l a r l y  i m p o r t a n t  b e c a u s e  o f  i t s  a b u n d a n c e  i n  
s o i l s ,  c l a y s  a nd  r o c k s  t h a t  c o u l d  l e a d  t o  e x t r e m e l y  h i g h  
c o n c e n t r a t i o n  when e x p o s e d  t o  a c i d  c o n d i t i o n s .  I t  h a s  been  
shown t h a t  a luminum i s  t o x i c  t o w a r d  many f o r m s  o f  a q u a t i c  
l i f e .  H e l l i w e l l  e t  a l . 7 s t u d i e d  t h e  e f f e c t  o f  d i f f e r e n t  
c h e m i c a l  f o r m s  o f  a lumi num on i t s  t o x i c i t y  t o  f r e s h  w a t e r  
a l g a e .  They o b s e r v e d  t h a t  i o n i c  f o r ms  o f  a lumi num was f a r  
more t o x i c  t h a n  o t h e r  c h e m i c a l  f o r m s  o f  a luminum s u c h  a s  
o r g a n i c a l l y  bound  a luminum o r  p o l y m e r i z e d  a lu mi nu m.
R o b i n s o n  a nd  Deano8 o b s e r v e d  t h a t  a luminum had t h e  
h i g h e s t  t o x i c i t y  on f i s h  a t  pH 4 . 5 ,  wh ic h  i s  t h e  pH o f
t y p i c a l  a c i d  r a i n .  The p r e d o m i n a n t  fo rm of  a luminum a t  pH 
A . 5 was A l ( 0 H ) a * , wh i ch  e x e r t e d  h i g h  t o x i c  e f f e c t s  on 
a q u a t i c  o rg a n i s m. s .  They a l s o  o b s e r v e d  t h a t  t h e  a d d i t i o n  o f  
n a t u r a l l y  o c c u r r i n g  c o m p l e x i n g  compounds ,  s u c h  a s  humic  
s u b s t a n c e s  f rom d e c a y i n g  l e a v e s ,  r e d u c e d  t h e  t o x i c  e f f e c t  
o f  a luminum by f o r m i n g  c o m p l e x e s  w i t h  i t .  Murungi  and 
R o b i n s o n 9 o b s e r v e d  t h a t  a l uminum t o x i c i t y  a l s o  v a r i e d  
d e p e n d i n g  on t h e  a n i o n  p r e s e n t  i n  a d d i t i o n  t o  t h e  
c o m p l e x i n g  a g e n t s .  The a n i o n s  a p p e a r e d  t o  a f f e c t  t h e  
p o l y m e r i z a t i o n  o f  a l umi num,  a l t e r i n g  t h e  t o x i c i t y .
T h e r e f o r e ,  s t u d y  o f  a luminum t o x i c i t y  t o  a q u a t i c  
o r g a n i s m  b a s e d  on t o t a l  a luminum c o n c e n t r a t i o n  w i t h o u t  
knowing  t h e  c h e m i c a l  f o r m s  o f  a luminum would n o t  r e v e a l  i t s  
a c t u a l  t o x i c i t y .
i i i )  S e l e n i u m  on B i o a v a i l a b i l i t y
The b i o l o g i c a l  a v a i l a b i l i t y  o f  v a r i o u s  m e t a l s  a l s o  
d e p e n d s  on t h e  c h e m i c a l  f o r m s  of  t h e  m e t a l s .  For  . exampl e ,  
t h e  d e g r e e  o f  u p t a k e  and  b i o a v a i l a b i l i t y  o f  s e l e n i u m  
d e p e n d s  on t h e  c h e m i c a l  f o r ms  o f  s e l e n i u m  i n  t h e  d i e t .  I t  
was o b s e r v e d  t h a t  t h e  s e l e n i u m  b i o a v a i l a b i l i t y  t o  r a t s  when 
s u p p l i e d  i n  t h e  d i e t  d e c r e a s e d  i n  t h e  o r d e r  sod i um s e l e n i t e  
> s e ] e n o c y s t e i n e  i n  b e e f  k i d n e y  > s e 1e n o m e t h i o n e  i n  w h e a t  > 
s e l e n i u m  i n  t u n a . 10 The b i o a v a i l a b i l i t y  o f  s e l e n i u m  i n  t u n a  
o r  t u n a  meal  was a b o u t  50 % c ompar ed  t o  t h e  b i o a v a i l a b i l i t y
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o f  sod i um s e l e n i t e .  B e c a u s e  o f  t h e  s i g n i f i c a n t  r o l e  o f  
s e l e n i u m  a s  a  p a r t  o f  enzyme g l u t a t h i o n e  p e r o x i d a s e  and 
n a r r o w  window b e t w e e n  t o x i c  and  b e n e f i c i a l  a c t i v i t y ,  
m e a s u r e m e n t  o f  a c t u a l  f o r m s  of  s e l e n i u m  i s  c r i t i c a l  t o  
a s s e s s  i t s  a c t i v i t y .
I t  h a s  b e e n  w e l l  d o c u me n t e d  t h a t  s p e c i a t i o n  a n a l y s i s  
i s  n e c e s s a r y  t o  e v a l u a t e  p r o p e r l y  t h e  t o x i c i t y  a n d / o r  
b i o l o g i c a l  a c t i v i t y  of  a ny  p a r t i c u l a r  m e t a l s .  A c c o r d i n g l y ,  
v a r i o u s  e x p e r i m e n t a l  t e c h n i q u e s  h a ve  b e e n  d e v e l o p e d  i n  
o r d e r  t o  p e r f o r m  s p e c i a t i o n  a n a l y s i s ,  i . e .  t o  m e a s u r e  t h e  
a c t u a l  c h e m i c a l  f o r m s  of  m e t a l s  i n  t h e  s a m p l e .
4 .  E x p e r i m e n t a l  T e c h n i q u e s  f o r  Meta l  S p e c i a t i o n
The e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  t h e  c h e m i c a l  f o rms  
o f  a  m e t a l  i s  a t  b e s t  a d i f f i c u l t  a n a l y t i c a l  t a s k .  
G e n e r a l l y ,  a n a l y t i c a l  p r o c e d u r e s  a r e  e n c o u n t e r e d  w i t h  t h e  
f o l l o w i n g  d i f f i c u l t i e s :
1) S a m p l e s  a r e  o f t e n  v e r y  compl ex  m i x t u r e s  of  
c o mp o u n d s .
2)  Each compound i n  t h e  s a m p l e  may be  c l o s e l y  
i n t e r r e l a t e d  w i t h  e a c h  o t h e r ,  and  e a s i l y  m o d i f i e d .
3)  P a r t  o r  a l l  t h e  m i x t u r e  c a n  be  s e n s i t i v e  t o  a i r  
o x i d a t i o n  o r  c h e m i c a l  r e d u c t i o n  d u r i n g  s a m p l e  
p r o c e s s  i n g .
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4)  P a r t  o r  a l l  t h e  m i x t u r e  c a n  be  s e n s i t i v e  t o  pH 
c h a n g e s .
5 )  T o t a l  a n a l y t e  c o n c e n t r a t i o n  may be  v e r y  s m a l l ,  
mak i ng  a n a l y s i s  d i f f i c u l t .
D i r e c t  a n a l y s i s  w i t h o u t  any  s amp l e  p r e p a r a t i o n  and 
p r e t r e a t m e n t  b e f o r e  m e a s u r e m e n t s  i s  mos t  d e s i r a b l e .  T h i s  i s  
b e c a u s e  w h e n ev e r  t h e  s a m p l e  i s  p r e t r e a t e d  b e f o r e  t h e  
a n a l y t i c a l  d e t e r m i n a t i o n ,  t h e r e  e x i s t s  a h i g h  p o s s i b i l i t y  
o f  s a m p l e  c o n t a m i n a t i o n ,  u n e x p e c t e d  r e a c t i o n  b e t w e e n  s ampl e  
c o n s t i t u e n t s  and  p e r t u r b a t i o n  i n  c h e m i c a l  e q u i l i b r i u m .
B e s i d e s ,  d u r i n g  t h e  s a m p l e  p r e t r e a t m e n t ,  o t h e r  
c o n t a m i n a n t s  f r o m,  f o r  e x a m p l e ,  b l a n k  s o l u t i o n  o r  a c i d s ,  
c an  be  a d d e d  i n t o  t h e  s a m p l e  and  a l t e r  t h e  r e s u l t s .  Or,  t h e  
a n a l y t e  c a n  be l o s t  d u r i n g  s a m p l e  p r e t r e a t m e n t  s u c h  a s  
s o l v e n t  e x t r a c t i o n ,  p r e c i p i t a t i o n ,  e t c .  a nd  m e a s u r e d  
r e s u l t s  may n o t  r e v e a l  t h e  a c t u a l  v a l u e .  T h e r e f o r e ,  
w h e n e ve r  p o s s i b l e ,  d i r e c t  a n a l y s i s  w i t h  no s a m p l e  
p r e t r e a t m e n t  i s  p r e f e r r e d .
However ,  t h e  s a m p l e s  a r e  o f t e n  t o o  c ompl e x  t o  be 
a n a l y z e d  d i r e c t l y ;  a c c o r d i n g l y ,  some s a m p l e  p r e p a r a t i o n s  
and  p r e t r e a t m e n t  b e f o r e  m e a s u r e m e n t s  a r e  u n a v o i d a b l e  in  
p r a c t i c e .  T h i s  may,  h o w ev e r ,  c a u s e  t o  some e x t e n t  t h e  
p r o b l e m s  m e n t i o n e d  a b o ve  and  may t h e r e f o r e  be  v e r y  
u n r e 1i a b 1e .
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In o r d e r  t o  m i n i m i z e  t h e s e  p r o b l e m s ,  t h e  a n a l y s i s  h a s  
t o  be  p e r f o r m e d  a s  r a p i d  a s  p o s s i b l e  w i t h  minimum s a m p l e  
p r e t r e a t m e n t s .  The s h o r t e r  t h e  a n a l y t i c a l  t i m e  and  t h e  
f e w e r  t h e  s a m p l e  p r e p a r a t i o n  s t e p s ,  t h e  more a c c u r a t e  t h e  
r e s u l t s  would  b e .
Many t e c h n i q u e s  o f  s e p a r a t i o n  and  m e a s u r e m e n t  have  
b e e n  s t u d i e d .  We w i l l  d i s c u s s  a  few r e p r e s e n t a t i v e  
t e c h n i q u e s  t h a t  a r e  u s e f u l  f o r  m e t a l  s p e c i a t i o n  a n a l y s i s .
Ion S e l e c t i v e  E l e c t r o d e  <J5E> o f f e r s  a  me thod  o f  
d i r e c t  m e a s u r e m e n t  o f  t h e  i o n i c  fo rm o f  m e t a l  w i t h o u t  
p r e s e p a r a t i o n  o f  t h e  s p e c i e s  f rom t h e  m a t r i x  o r  o t h e r  
c h e m i c a l  c o n s t i t u e n t s .  I t  m e a s u r e s  t h e  a c t i v i t y  o f  i o n s ,  
wh i ch  c a n  be  r e l a t e d  t o  t h e  c o n c e n t r a t i o n  o f  t h e  m e t a l  i on  
by t h e  N e r n s t  e q u a t i o n .  Wi th  t h e  d e v e l o p m e n t  of  s e n s i t i v e  
t h e  i o n  s e l e c t i v e  e l e c t r o d e ,  t h e  s e n s i t i v i t y  and 
s e l e c t i v i t y  h a s  b e e n  i m p r o v e d  g r e a t l y 1 1 ; h o w e v e r ,  t h e  
me thod  s u f f e r s  f rom i n s u f f i c i e n t  s e n s i t i v i t y  and 
s e l e c t i v i t y ,  and  h a s  n um e ro us  i n t e r f e r e n c e s .
A n o d i c  S t r i p p i n g  V o l t a m e t r y  (ASV) i s  a commonly u s e d  
t e c h n i q u e  f o r  m e t a l  s p e c i a t i o n  a n a l y s i s  and  c a n  be  u s e d  t o  
d e t e r m i n e  t h e  l a b i l e  ( w e a k l y  c o m p l e x e d )  m e t a l  a nd  bound 
( s t r o n g l y  c o m p l e x e d )  m e t a l .  L a b i l e  m e t a l  i s  m e a s u r e d  a t  t h e  
n e u t r a l  pH, and  t h e  r e s u l t  r e p r e s e n t s  f r e e  m e t a l  i o n  p l u s
m e t a l  d i s s o c i a t e d  a t  t h e  e l e c t r o d e  s u r f a c e  f rom c o m p l e x e s  
and  c o l l o i d s .  The m e t a l  c o n c e n t r a t i o n  m e a s u r e d  i n  t h i s  
manner  has  b e e n  r e l a t e d  t o  t h e  m e ta l  f r a c t i o n  t h a t  i s  
b i o l o g i c a l l y  a v a i l a b l e . 12 T o t a l  m e t a l  i s  m e a s u r e d  a f t e r  
d i g e s t i o n  w i t h  a c i d  o r  e x p o s u r e  t o  u l t r a v i o l e t  i r r a d i a t i o n .  
The d i f f e r e n c e s  b e t w e e n  t o t a l  and l a b i l e  m e t a l  r e p r e s e n t  
bound  m e t a l s .  I n  t h i s  way,  ASV c an  p r o v i d e  p r e l i m i n a r y  
i n f o r m a t i o n  on m e t a l  s p e c i e s  w i t h o u t  e x t e n s i v e  s a m p l e  
p r e p a r a t i o n s .
However ,  mos t  e l e c t r o c h e m i c a l  t e c h n i q u e s  s u f f e r  f rom 
v a r i o u s  i n t e r f e r e n c e s  o r i g i n a t i n g  f rom t h e  s a m p l e  m a t r i x  
and  e a s y  e l e c t r o d e  c o n t a m i n a t i o n .  B e s i d e s ,  i n  t h e  
i n t e r p r e t a t i o n  of  ASV m e a s u r e m e n t s  c o n s i d e r a b l e  c a r e  mus t  
be  t a k e n  b e c a u s e  o r g a n i c  m a t t e r  c a n  have  d r a m a t i c  e f f e c t s  
on t h e  r e s u l t s .
C h e l e x - 1 0 0  R e s i n ,  w h i c h  i s  c o p o l y m e r i z e d  
i m i n o d i a c e t a t e ,  h a s  a h i g h  a f f i n i t y  t o w a r d s  i n o r g a n i c  
m e t a l s  e s p e c i a l l y  h e a v y  m e t a l s .  D e p e n d i n g  on t h e  s t a b i l i t y  
o f  t h e  m e t a l  compounds ,  m e t a l s  t h a t  a r e  f r e e  and  w e a k l y  
c o m p l e x e d  a r e  bound t o  t h e  r e s i n ,  w h i l e  m e t a l s  w h i c h  a r e  
s t r o n g  1y a s s o c i a t e d  w i t h  o r g a n i c  and  i n o r g a n i c  c o l l o i d a l  
p a r t i c l e s  a r e  e x c l u d e d .  The r e s i n - b o u n d  m e t a l s  c a n  be 
e x c l u d e d  l a t e r  by u s i n g  a c i d  s o l u t i o n .  In t h i s  manner  t h e
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t e c h n i q u e  p r o v i d e s  a  f a s t  and  s i m p l e  method  f o r  t h e  
s e p a r a t i o n  o f  l a b i l e  and  s t r o n g l y  bound m e t a l s .
B a t l e y  and  F l o r e n c e 13 d e v e l o p e d  an a n a l y t i c a l  scheme 
u s i n g  C h e l e x - 1 0 0  r e s i n  co l umn ,  ASV, and  UV i r r a d i a t i o n  t o  
d eco mp o se  t h e  o r g a n i c  m a t t e r .  Each m e t a l  i n  n a t u r a l  w a t e r  
was c l a s s i f i e d  i n t o  7 s p e c i e s .  However ,  t h e i r  scheme was 
e x t r e m e l y  c o m p l i c a t e d .  R e q u i r i n g  many t e d i o u s  t i m e  
c o n s u m i n g  a n a l y t i c a l  s t e p s ,  i t  was f a r  l e s s  s a t i s f a c t o r y  
f o r  t h e  s p e c i a t i o n  a n a l y s i s .
A b a t c h  e q u i l i b r a t i o n  method w i t h  C h e l e x - 1 0 0  c a n  a l s o  
be  u s e d .  By v a r y i n g  t h e  c o n t a c t  t i m e  o f  t h e  s a m p l e  u s i n g  
c o lumn and b a t c h  s y s t e m  w i t h  C h e l e x - 1 0 0 ,  a l o n g  w i t h  t h e  ASV 
t e c h n i q u e ,  F i g u r a  and  M c D u f f i e 14 c l a s s i f i e d  t h e  m e t a l  
compounds  i n t o  t h e  e m p i r i c a l  g r o u p s  o f  v e r y  l a b i l e ,  
m o d e r a t e l y  l a b i l e ,  s l o w l y  l a b i l e  and  i n e r t ,  d e p e n d i n g  on 
t h e  a p p a r e n t  r a t e s  o f  t r a n s f e r  t o  t h e  r e s i n .
T h i o l  R e s i n  h a s  b e e n  s u g g e s t e d  a s  a b e t t e r  a g e n t  f o r  
b i o a v a i l a b i l i t y  and  t o x i c i t y  s t u d i e s  t h a n  C h e l e x - 1 0 0  
r e s i n . 15 P e n e t r a t i o n  o f  m e t a l  compounds  a c r o s s  b i o l o g i c a l  
membranes  h a s  b e e n  s u g g e s t e d  t o  o c c u r  p r i m a r i l y  by c a r r i e r  
m e d i a t e d  t r a n s p o r t  w i t h  m e t a 11o t h i o n e i n  t y p e  p r o t e i n s  t o  
w h i c h  t h e  m e t a l  i s  c o m p l e x e d  w i t h  s u l f h y d r y l  g r o u p  i n  
c y s t e i n e . 14 T h e r e f o r e ,  m e a s u r e m e n t  o f  t h e  m e t a l  f r a c t i o n  
t h a t  r e a c t s  w i t h  a t h i o l  r e s i n  was s u g g e s t e d  t o  p r o v i d e  a
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more r e a s o n a b l e  e s t i m a t e  of  b i o a v a l l a b l e  m e t a l . 17 The 
C h e l e x - 1 0 0  and t h i o l  r e s i n  we re  compar ed  i n  r emova l  o f  Cu,
Pb,  Cd and  -Zn f r om s e a w a t e r  and  r i v e r  w a t e r .  1 “ I t  was 
o b s e r v e d  t h a t  Cu had h i g h e r  a f f i n i t y  t o w a r d s  t h i o l  r e s i n  
t h a n  C h e l e x - 1 0 0 ,  w h i l e  o t h e r  m e t a l s  had a h i g h e r  a f f i n i t y  
t o w a r d s  C h e l e x - 1 0 0  r e s i n .  T h i s  may p a r t i a l l y  e x p l a i n  t h e  
h i g h  t o x i c i t y  o f  c o p p e r  t o w a r d s  a q u a t i c  o r g a n i s m s .
D i a l y s i s  T e c h n i q u e s  have  b e e n  u s e d  w i d e l y  i n  t h e  f i e l d  
of  b i o l o g i c a l  a r e a  t o  s e p a r a t e  compounds  d e p e n d i n g  on t h e i r  
m o l e c u l a r  s i z e s .  Smal l  m o l e c u l e s  i n c l u d i n g  i o n s  c a n  f r e e l y  
d i f f u s e  o u t  o f  t h e  p o r e s  o f  t h e  d i a l y s i s  membrane  w h i l e  
l a r g e  m o l e c u l e s  c a n n o t .  In t h i s  way,  l a r g e  o r g a n i c  bound 
m e t a l  o r  c o l l o i d a l  m e t a l  c a n  be  s e p a r a t e d  f rom i o n i c  and 
s m a l l  m o l e c u l e  bound  m e t a l s .  S l owey  and  Hood19 u s e d  
d i a l y s i s  t e c h n i q u e  a l o n g  w i t h  s o l v e n t  e x t r a c t i o n  t o  
s e p a r a t e  d i f f e r e n t  f o rms  o f  Zn i n  s e a  w a t e r .  They o b s e r v e d  
t h a t  70 % o f  t h e  d i s s o l v e d  Zn was i n  a  d i a l y z a b l e  fo r m.
Donnan D i a l y s i s  u t i l i z e s  an  i o n  e x c h a n g e  membrane 
i n t r o d u c e d  by B l a e d e l  and  H a u p e r t 2 0 . Donnan d i a l y s i s  i s  a 
phenomenon t h a t  r e s u l t s  i n  t h e  t r a n s p o r t  o f  i o n s  a c r o s s  an  
i o n  e x c h a n g e  membrane u n d e r  t h e  i n f l u e n c e  o f  a n  i o n i c  
s t r e n g t h  g r a d i e n t .  I t  was s u g g e s t e d  a s  a r a p i d  t e c h n i q u e  of  
p e r f o r m i n g  m e t a l  s p e c i a t i o n  by Cox e t  a t . 21 22 The d i a l y s i s
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p e r f o r m e d  i n t o  an  a c i d i c  r e c e i v e r  r e p r e s e n t s  t h e  t o t a l  
s o l u b l e  m e t a l  ( e x c e p t  f o r  i n e r t  f o r m s ) ,  w h e r e a s  t h e  
d i a l y s i s  p e r f o r m e d  i n t o  a  n e u t r a l  r e c e i v e r  r e p r e s e n t s  t h e  
m e t a l  t h a t  i s  f r e e  and  l a b i l e . -  In t h i s  way,  t h e  method can  
be u s e d  t o  d e t e r m i n e  t h e  l a b i l e  and  t o t a l  m e t a l  
c o n c e n t r a t  i o n s .
Cox e t  a l . 33 f o u n d  i n  t h e i r  s t u d i e s  of  l a k e  w a t e r  t h a t  
cadmium and  z i n c  were  m a i n l y  i n  t h e  v e r y  l a b i l e  and 
m o d e r a t e l y  l a b i l e  f r a c t i o n s ,  w h i l e  s i g n i f i c a n t  p e r c e n t a g e s  
o f  c a p p e r  and l e a d  we re  c l a s s i f i e d  i n  t h e  s l o w l y  l a b i l e  and 
i n e r t  f r a c t i o n s .
Donnan d i a l y s i s  c an  be  p e r f o r m e d  w i t h o u t  any  s a m p l e  
p r e p a r a t i o n  and  s i n c e  i t  i s  a  membrane t r a n s f e r  p r o c e s s ,  i t  
may s i m u l a t e  t h e  n a t u r a l  phenomenon .  However ,  t h e  
a d s o r p t i o n  of  m e t a l  on t h e  membrane s u r f a c e  i s  f r e q u e n t l y  
i r r e v e r s i b l e  and  i t  c a n  s e r i o u s l y  a f f e c t  t h e  r e s u l t s  f rom 
d i a l y s i s .
A D ou b le  S t a g e  A t o m i z e r  At omi c  A b s o r p t i o n  
S p e c t r o m e t e r ,  d e v e l o p e d  by R o b i n s o n  and  R h o d e s 3 4 i n  t h e  
s p e c i a t i o n  s t u d y  o f  l e a d  i n  g a s o l i n e ,  u t i l i z e s  t h e  
v o l a t i l i t y  d i f f e r e n c e  o f  t h e  m e t a l  compounds .  A d o u b l e  
s t a g e  a t o m i z e r  was made f rom a long  g r a p h i t e  r o d  w i t h  two 
s e p a r a t e  s e c t i o n s  w h i c h  were  c o n t r o l l e d  i n d i v i d u a l l y .  One 
was t h e  v a p o r i z a t i o n  s e c t i o n .  I t s  t e m p e r a t u r e  was
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programmed t o  r e l e a s e  t h e  m e t a l  v a p o r  d e p e n d i n g  on t h e  
v o l a t i l i t y  o f  e a c h  compound.  The o t h e r  was t h e  a t o m i z a t i o n  
s e c t i o n  wh i ch  was k e p t  h o t  ( 2 , 8 0 0  ° C ) .  The s a m p l e  was 
i n t r o d u c e d  i n t o  t h e  v a p o r i z a t i o n  s e c t i o n  w he r e  s e p a r a t i o n  
o f  t h e  m e t a l  compounds  t o o k  p l a c e .  The v o l a t i l i z e d  s p e c i e s  
were  s w e p t  by an  i n e r t  g a s  t o  t h e  a t o m i z a t i o n  s e c t i o n  wh er e  
a t o m i z a t i o n  and a b s o r p t i o n  t o o k  p l a c e .
The a d v a n t a g e  o f  t h i s  t e c h n i q u e  was t h a t  i t  a l l o w e d  
d i r e c t  d e t e r m i n a t i o n  o f  t h e  s a m p l e  w i t h o u t  any  s a m p l e  
p r e p a r a t i o n .  Any s o l i d  o r  l i q u i d  s a m p l e  c o u l d  be i n t r o d u c e d  
d i r e c t l y ,  m i n i m i z i n g  c o n t a m i n a t i o n  o r  l o s s  d u r i n g  s a m p l e  
p r o c e s s i n g .  However ,  i t  o n l y  worked  when t h e r e  were  
s u f f i c i e n t  v o l a t i l i t y  d i f f e r e n c e s  b e t w e e n  t h e  m e t a l  
c o mp o u n d s .
5 .  S p e c i a t i o n  u s i n g  C h r o m a t o g r a p h y
Among t h e  s e p a r a t i o n  t e c h n i q u e s ,  t h e  mos t  p r o m i s i n g  
and  p o w e r f u l  t e c h n i q u e  i s  p r o b a b l y  a  c h r o m a t o g r a p h y .  I f  t h e  
m e t a l  compounds  t o  be d e t e r m i n e d  a r e  r e l a t i v e l y  s t a b l e ,  
c h r o m a t o g r a p h y  would  be  t h e  s e p a r a t i o n  me t hod  of  c h o i c e .  I t  
o f f e r s  v e r s a t i l i t y  i n  s e p a r a t i o n  modes,  h i g h  r e s o l u t i o n ,  
r a p i d  s e p a r a t i o n  and  d e t e r m i n a t i o n .  A number  o f  r e v i e w  
p a p e r s  on t h e  c h r o m a t o g r a p h i c  t e c h n i q u e s  a s  m e ta l  
s p e c i a t i o n  have  b e e n  p u b l i s h e d . 28 24
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C h r o m a t o g r a p h y  i n v o l v e s  t h e  s e p a r a t i o n  o f  t h e  
c o m p o n e n t s  i n  t h e  s a m p l e  m i x t u r e  by t h e  d i f f e r e n c e s  i n  t h e  
i n t e r a c t i o n  o f  t h e  c o m p o n e n t s  w i t h  t h e  m o b i l e  p h a s e  a n d / o r  
t h e  s t a t i o n a r y  p h a s e s .  B e c a u s e  of  t h e  d i f f e r e n c e s  i n  t h e  
c h e m i c a l  and  p h y s i c a l  p r o p e r t i e s  among t h e  c o m p o n e n t s ,  e a c h  
c omp o n en t  i n t e r a c t s  w i t h  s t a t i o n a r y  p h a s e  o r  m o b i l e  p h a s e  
d i f f e r e n t l y ,  l e a d i n g  t o  s e p a r a t i o n  o f  c o m p o n e n t s .  For  a 
g i v e n  c h r o m a t o g r a p h i c  s y s t e m ,  t h e  d e g r e e  o f  i n t e r a c t i o n  of  
t h e  c o m p o n e n t s  w i t h  t h e  m o b i l e  p h a s e  and  s t a t i o n a r y  p h a s e  
d e p e n d s  on p r o p e r t i e s  of  t h e  e a c h  c om p o ne n t ,  s u c h  a s  t h e  
s o l u b i l i t y ,  a d s o r p t i o n ,  c h a r g e ,  i o n i z a b i l i t y  a nd  s i z e .
Gas C h r o m a t o g r a p h y  ( G O For  s u c c e s s f u l  GC a p p l i c a t i o n ,  
m e t a l  compounds  mus t  be  v o l a t i l e  and t h e r m a l l y  s t a b l e  t o  
p a s s  t h r o u g h  t h e  GC co l umn .
However ,  f o r  many compounds  t h i s  i s  n o t  t h e  c a s e .
B e c a u s e  o f  t h e  i o n i c  n a t u r e  o f  mos t  i n o r g a n i c  m e t a l  
c ompounds ,  n o r m a l l y  t h e y  c a n n o t  be  d i r e c t l y  v o l a t i l i z e d  a t  
t h e  t e m p e r a t u r e s  u s e d  i n  GC. S p e c i a t i o n  a n a l y s i s  u s i n g  GC, 
t h e r e f o r e ,  h a s  b e e n  l i m i t e d  t o  t h e  v o l a t i l e  m e t a l  compounds  
o f  a r s e n i c ,  l e a d ,  m e r c u r y ,  s e l e n i u m  and  t i n .
L i q u i d  C h r o m a t o g r a p h y  (LC) i s  more  s u i t a b l e  f o r  m e t a l  
compound s e p a r a t i o n .  I t  o f f e r s  v a r i o u s  s e p a r a t i n g  modes and 
a  v a r i e t y  o f  d e t e c t o r s .  N o n v o l a t i l e  m e t a l  compounds ,  h i g h
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m o l e c u l a r  w e i g h t  o r g a n o m e t a 11i c  compounds ,  t h e r m a l l y  
u n s t a b l e  b i o m o l e c u l e s  i n  a d d i t i o n  t o  v o l a t i l e  compound can  
be s u c c e s s f u l l y  s e p a r a t e d  by u s i n g  v a r i o u s  t y p e s  o f  l i q u i d  
c h r o m a t o g r a p h y .  L i q u i d  c h r o m a t o g r a p h y  CLC) would  be  a 
s e p a r a t i o n  t e c h n i q u e  o f  c h o i c e  f o r  many o f  m e t a l  s p e c i a t i o n  
s t u d i e s .
I )  S e p a r a t i o n  Mode o f  LC
D e p e n d i n g  on s e p a r a t i o n  mode,  LC i s  d i v i d e d  i n t o :
1) P a r t i t i o n  c h r o m a t o g r a p h y
2)  A d s o r p t i o n  c h r o m a t o g r a p h y
3) Ion e x c h a n g e  c h r o m a t o g r a p h y
4) E x c l u s i o n  c h r o m a t o g r a p h y
5)  A f f i n i t y  c h r o m a t o g r a p h y
P a r t i t i o n  C h r o m a t o g r a p h y ,  s i n c e  i t s  i n t r o d u c t i o n  by 
M a r t i n  and  S y n g e 2 7 , h a s  b e e n  t h e  mos t  w i d e l y  u s e d  mode o f  
s e p a r a t i o n .  The s a m p l e  t o  be  s e p a r a t e d  i s  d i s p e r s e d  i n  t h e  
m o b i l e  p h a s e  and  i t s  c o m p o n e n t s  a r e  p a r t i t i o n e d  b e t w e e n  t h e  
s t a t i o n a r y  and  m o b i l e  p h a s e s  a c c o r d i n g  t o  t h e i r  p a r t i t i o n  
c o e f f i c i e n t s .  The d i f f e r e n t  p a r t i t i o n i n g  l e a d s  t o  a 
d i f f e r e n t i a l  r a t e  o f  m i g r a t i o n  b e t w e e n  t h e  c o m p o n e n t s  and 
a s  a  r e s u l t  s e p a r a t i o n  o c c u r s .
Ion  p a i r  c h r o m a t o g r a p h y  wh i c h  i s  a  s p e c i a l  form of  
p a r t i t i o n  c h r o m a t o g r a p h y  u t i l i z e s  an  i o n - p a i r  t e c h n i q u e
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e x p l o i t e d  i n  l i q u i d - l i q u i d  e x t r a c t i o n . aB A c o u n t e r  i o n  of 
o p p o s i t e  c h a r g e  t o  t h e  s a m p l e  i s  a d d e d  t o  m o b i l e  p h a s e  t o  
f o r m an i o n - p a i r  w i t h  s a m p l e  i o n .  The r e t e n t i o n  o f  s ampl e  
i o n  i s  a l t e r e d  b e c a u s e  o f  i t s  d e c r e a s e d  i o n i c  c h a r a c t e r .
The r e t e n t i o n  c an  be  f u r t h e r  a l t e r e d  by v a r y i n g  t h e  a l k y l  
c h a i n  l e n g t h  o f  t h e  c o u n t e r  i o n .  B e c a u s e  o f  t h e  i o n i c  
c h a r a c t e r  o f  m e t a l  compounds ,  i o n  p a i r  c h r o m a t o g r a p h y  can  
be  u s e f u l  f o r  m e t a l  compound s e p a r a t i o n .  The d e t a i l e d  
s e p a r a t i o n  me ch an i s ms  i n  i on  p a i r i n g  c h r o m a t o g r a p h y  w i l l  be 
d i s c u s s e d  i n  P a r t  V.
A d s o r p t i o n  C h r o m a t o g r a p h y ,  f i r s t  i n t r o d u c e d  by 
T w e t t 2 9 , i s  t h e  o l d e s t  c h r o m a t o g r a p h i c  t e c h n i q u e .  A 
s e p a r a t i o n  i s  a c h i e v e d  by t h e  d i f f e r e n t  d e g r e e  o f  
r e v e r s i b l e  a d s o r p t i o n  and  d e s o r p t i o n  o f  t h e  s amp l e  
c o m p o n e n t s  on a  s o l i d  s t a t i o n a r y  p h a s e  s u r f a c e .  In g e n e r a l ,  
n o n a q u e o u s  s o l v e n t s  a r e  u s e d  w i t h  s i l i c a  o r  a l u m i n a  a s  a 
co l umn  s t a t i o n a r y  p h a s e .  The s y s t e m  i s  e f f e c t i v e  f o r  
s e p a r a t i n g  n o n - p o l a r  m a t e r i a l s  s u c h  a s  l i p o p h i l i c  
s u b s t a n c e s .  I t s  u s a g e  i n  m e t a l  s p e c i a t i o n  i s  v e r y  r a r e  and 
s e l d o m  p e r f o r m e d .
Ion  E x c h a n g e  C h r o m a t o g r a p h y  was f i r s t  named i n  1975 by 
S ma l l  e t  a l . ’ 0 t o  d e s c r i b e  t h e  s e p a r a t i o n  of  i o n i c  s p e c i e s  
by i o n  e x c h a n g e  co lumn f o l l o w e d  by c o n d u c t i v i t y  d e t e c t i o n .
T h i s  n a r r o w  d e f i n i t i o n  h a s  b e e n  e x p a n d e d  t o  i n d i c a t e  t h e  
s e p a r a t i o n  of  i o n i c  s p e c i e s  u s i n g  a n  i o n  e x c h a n g e  co lumn 
w i t h  a n y  t y p e  o f  d e t e c t o r s .  The s e p a r a t i o n  i s  a c h i e v e d  
b a s e d  on t h e  i n t e r a c t i o n  o f  e a c h  i o n i c  s p e c i e s  w i t h  t h e  
c o u n t e r  i o n i c  f u n c t i o n a l  g r o u p  l o c a t e d  on t h e  s u r f a c e  o f  
t h e  co lumn p a c k i n g .  As a  f u n c t i o n a l  g r o u p  on p a c k i n g  
m a t e r i a l s ,  bonded  q u a t e r n a r y  ammonium o r  d i e t h y I a m i n o e t h y 1 
CDEAE) i s  u s e d  f o r  t h e  a n a l y s i s  o f  a n i o n i c  s p e c i e s .  A 
b on d e d  s u l f o n i c  a c i d  o r  c a r b o x y m e t h y 1 (CM) i s  u s e d  f o r  
c a t i o n i c  s p e c i e s .  R e c e n t  t e c h n o l o g y  i n  t h e  m a n u f a c t u r i n g  of  
t h e  s t u r d y  p a c k i n g  m a t e r i a l  t h a t  d o e s  n o t  s w e l l  o r  s h r i n k ,  
and  i s  s t a b l e  o v e r  a  w i de  pH r a n g e  has  a l l o w e d  i t s  
a p p l i c a t i o n  i n t o  t h e  a n a l y s i s  o f  a  wi de  r a n g e  o f  s a m p l e s  
i n c l u d i n g  m e t a l s ,  o r g a n i c  a c i d ,  p r o t e i n s ,  ami no  a c i d s ,  e t c .
L i g a n d  e x c h a n g e  c h r o m a t o g r a p h y ,  w h i c h  i s  a  a n o t h e r  
v e r s i o n  of  i o n  e x c h a n g e  c h r o m a t o g r a p h y ,  i n v o l v e s  t h e  
s e p a r a t i o n  o f  l i g a n d s  by v i r t u e  o f  t h e i r  complexi . ng  
s t r e n g t h  w i t h  a m e t a l  i o n  a d s o r b e d  on t h e  e x c h a n g e  r e s i n ,  
t h e  c o u n t e r  i o n  a g a i n  b e i n g  d i s p l a c e d . 31
E x c l u s i o n  C h r o m a t o g r a p h y ,  a l s o  r e f e r r e d  t o  a s  ge l  
f i l t r a t i o n  o r  g e l  p e r m e a t i o n  c h r o m a t o g r a p h y ,  i s  u s e d  t o  
s e p a r a t e  compounds  a c c o r d i n g  t o  t h e i r  m o l e c u l a r  s i z e  and 
s h a p e .  The s e p a r a t i o n  i s  a s s ume d  t o  r e l y  e n t i r e l y  on t h e
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p h y s i c a l  r e s t r i c t i o n  o f  t h e  s a m p l e s  moving t h r o u g h  a column 
w i t h o u t  any  i n t e r a c t i o n  w i t h  co lumn m a t e r i a l .  The commonly 
u s e d  co lumn m a t e r i a l s  a r e  a  p o l y a c r y l a m i d e  g e l  o r  a g a r o u s  
g e l .  L a r g e  m o l e c u l a r  s p e c i e s  wh i ch  a r e  u n a b l e  t o  p e n e t r a t e  
t h e  p o r e s  of  t h e  co lumn p a c k i n g  m a t e r i a l  e l u t e  f a s t e r  t h a n  
s m a l l  m o l e c u l a r  s p e c i e s  wh i ch  p e n e t r a t e  t h e  p o r e s  and  a r e  
r e t a i n e d  l o n g e r .  In t h i s  way,  s a m p l e  i s  s e p a r a t e d  a c c o r d i n g  
t o  t h e  m o l e c u l a r  s i z e s  o f  m e t a l  compounds .
A f f i n i t y  C h r o m a t o g r a p h y  b e g a n  w i t h  t h e  d e v e l o p m e n t  of  
t h e  c y a n o g e n  b r o m i d e  me thod  f o r  t h e  i m m o b i l i z a t i o n  o f  
l i g a n d s  on a g a r o s e  s u p p o r t s  by Axen e t  a l .  i n  1 9 6 7 . 22 I t  
h a s  b e e n  u s e d  e x c l u s i v e l y  f o r  b i o l o g i c a l  s t u d i e s  s u c h  a s  
f o r  enzyme p u r i f i c a t i o n .  The s e p a r a t i o n  i s  a c h i e v e d  b a s e d  
on a  s p e c i a l  a f f i n i t y  o f  one c o mp o n e n t ,  o r  a  few 
c o m p o n e n t s ,  o f  a  m i x t u r e  t o  t h e  co lumn m a t e r i a l s .  T h i s  
p r o c e s s  i s  b a s e d  on a  v e r y  s p e c i f i c  i n t e r a c t i o n  a n a l o g o u s  
t o  a n t i b o d y - a n t i  gen i n t e r a c t i o n .  In g e n e r a l ,  a f f i n i t y  
m e th o ds  a r e  n o t  e f f e c t i v e  f o r  f r a c t i o n a t i n g  a  m i x t u r e  i n t o  
i t s  c o m p o n e n t s  b u t  a r e  u s e d  f o r  p u r i f i c a t i o n  o f  one 
s p e c i f i c  c o m p o n e n t .  I t  h a s  n o t  y e t  b e e n  u s e d  f o r  t h e  m e t a l  
s p e c i a t i o n  p u r p o s e s .
Mixed Mode C h r o m a t o g r a p h y  Wi th  t h e  a d v e n t  o f  
t e c h n o l o g y  i n  m a n u f a c t u r i n g  o f  v a r i o u s  co lumn p a c k i n g
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m a t e r i a l ,  mixed  mode c h r o m a t o g r a p h y ,  s u c h  a s  i o n i c  
e x c l u s i o n  c h r o m a t o g r a p h y  o r  ge l  a f f i n i t y  c h r o m a t o g r a p h y ,  
became a v a i l a b l e . 33 Such c o m b i n a t i o n s  a l l o w  a b e t t e r  
s e p a r a t i o n  b e c a u s e  two s e p a r a t i n g  modes a r e  a c t i n g  
s i m u l t a n e o u s l y .  T h i s  r e l a t i v e l y  young c h r o m a t o g r a p h i c  
t e c h n i q u e  i s  e x p e c t e d  t o  be  d e v e l o p e d  f u r t h e r .
i i )  LC D e t e c t o r s
C h r o m a t o g r a p h y  p e r f o r m s  t h e  s e p a r a t i o n  of  s a m p l e  i n t o  
i n d i v i d u a l  c o m p o n e n t s  by v a r i o u s  p r o c e s s e s .  In o r d e r  t o  
a c c o m p l i s h  m e t a l  s p e c i a t i o n  a n a l y s i s ,  a  s u i t a b l e  d e t e c t o r  
i s  n e c e s s a r y  t o  d e t e c t  t h e  m e ta l  compounds  t h a t  a r e  
s e p a r a t e d  by c h r o m a t o g r a p h y .  We w i l l  d i s c u s s  some common 
HPLC d e t e c t o r s .
UV/VIS ( S p e c t r o p h o t o m e t e r )  D e t e c t o r ,  w h i c h  i s  t h e  mos t  
w i d e l y  u s e d  d e t e c t o r ,  i s  b a s e d  on a b s o r p t i o n  o f  UV o r  
v i s i b l e  r a d i a t i o n  by t h e  s o l u t e s .  However ,  i t  i s  n o t  
s u i t a b l e  f o r  m e t a l  d e t e c t i o n  b e c a u s e  i t  d o e s  n o t  d e t e c t  
s p e c i f i c a l l y  t h e  m e t a l  u n l e s s  i t  i s  c om p l e x ed  w i t h  
c h r o m o p h o r e .  P o s t  co lumn r e a c t i o n  m e t h o d s  i n  w h i c h  t h e  
m e t a l  r e a c t s  w i t h  r e a g e n t s  s u c h  a s  d i t h i z o n e  o r  E r i o c h r o m e  
B l a c k  T t o  f o r m a UV a b s o r b i n g  compl ex  a r e  s o m e t i m e s  
p e r f o r m e d .  But  t h e  p r o c e s s  l a c k s  s e l e c t i v i t y  and  i s  s u b j e c t  
t o  v a r i o u s  i n t e r f e r e n c e s  f rom m a t r i c e s .  Among t h i s  t y p e  o f
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d e t e c t o r ,  p h o t o d i o d e  a r r a y  d e t e c t o r  d e v e l o p e d  r e c e n t l y  
p r o v i d e s  more v e r s a t i l i t y  i n  d e t e c t i o n  b e c a u s e  i t  p r o v i d e s  
t o t a l  s p e c t r a l  I n f o r m a t i o n . 54 33
R e f r a c t i v e  I nde x  D e t e c t o r  m e a s u r e s  t h e  d e f l e c t i o n  of  a 
r a d i a t i o n  due  t o  c h a n g e s  i n  r e f r a c t i v e  i n d e x .  I t  i s  n o t  
a p p l i c a b l e  f o r  t h e  m e t a l  compound d e t e c t i o n ,  b e c a u s e  o f  
o n l y  s m a l l  d i f f e r e n c e s  i n  r e f r a c t i v e  i n d e x  b e t w e e n  m e t a l  
compound and  t h e  m o b i l e  p h a s e .  I t s  s e n s i t i v i t y  i s  n o r m a l l y  
p o o r .  A l s o  i t  i s  a u n i v e r s a l  d e t e c t o r  b u t  n o t  a m e ta l  
s p e c i f i c  d e t e c t o r .
E l e c t r o c h e m i c a l  D e t e c t o r  i s  b a s e d  on t h e  m e a s u r e m e n t  
of  t h e  c u r r e n t  r e s u l t e d  f r om o x i d a t i o n  o r  r e d u c t i o n  o f  a 
compound i n  t h e  p r e s e n c e  o f  an  e l e c t r i c a l  p o t e n t i a l .  I t  
o f f e r s  h i g h  s e n s i t i v i t y  and  m o d e r a t e  s e l e c t i v i t y  t o  a 
c e r t a i n  m e t a l  compound b u t  i t s  u s a g e  i s  l i m i t e d  t o  a  few 
m e t a l s  t h a t  h a v e  low r e d u c t i o n  p o t e n t i a l .  The c h e m i c a l  
i n t e r f e r e n c e s  a r e  n u m e r o u s ,  e s p e c i a l l y  i n  t h e  p r e s e n c e  of  
o r g a n i c  compounds  t h a t  a l s o  c a n  u n d e r g o  r e a c t i o n .  O v e r a l l ,  
i t  i s  n o t  s u i t a b l e  a s  a  m e t a l  s p e c i f i c  d e t e c t o r .
C o n d u c t i v i t y  D e t e c t o r ,  wh ich  i s  t h e  m o s t  f r e q u e n t l y  
u s e d  d e t e c t o r  w i t h  a n  i o n  c h r o m a t o g r a p h y ,  i s  b a s e d  on t h e  
d i f f e r e n c e s  i n  t h e  e l e c t r i c a l  c o n d u c t a n c e  o f  s a m p l e  i n  t h e
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e f f l u e n t ;  a c c o r d i n g l y ,  i t  d e t e c t s  t h e  p r e s e n c e  of  
c o n d u c t i n g  i o n s .  I t  i s  s i m p l e  and  s e n s i t i v e  b u t  i s  n o t  a 
m e t a l  s p e c i f i c  d e t e c t o r .
Mass S p e c t r o m e t e r  (MS) i s  p r o b a b l y  t h e  mos t  p o w e r f u l  
d e t e c t o r  on t h e  m a r k e t .  I t  i s  h i g h l y  s e n s i t i v e  and y i e l d s  
i n f o r m a t i o n  on t h e  m o l e c u l a r  s t r u c t u r e  o f  m e t a l  compounds  
o n c e  l o c a t e d .  However ,  i t  i s  d i f f i c u l t  t o  l o c a t e  t h e  m e ta l  
compound b e c a u s e  MS i s  n o t  a  m e t a l  s p e c i f i c  d e t e c t o r .  
C o n f i r m a t i o n  o f  t h e  p r e s e n c e  o f  m e t a l  i s  d i f f i c u l t  due  t o  
t h e  d i f f i c u l t i e s  o f  i o n i z a t i o n  and t h e  c o m p l i c a t e d  i s o t o p e  
p a t t e r n s  o f  t h e  m e t a l .  F r e q u e n t l y ,  o t h e r  means  o f  
c o n f i r m i n g  t h e  m e t a l  a r e  n e c e s s a r y .  The c h r o m a t o g r a m  
o b t a i n e d  c a n  be  v e r y  c o m p l i c a t e d .  The c o m p l e x i t y  o f  t h e  
s p e c t r a  a nd  i n s t r u m e n t a t i o n ,  i n  a d d i t i o n  t o  h i g h  c o s t ,  
m i t i g a t e  a g a i n s t  r o u t i n e  u s e .  B e s i d e s ,  t h e r e  a r e  p o s s i b l e  
e r r o r s  i n  q u a n t i t a t i o n  and  i d e n t i f i c a t i o n  b e c a u s e  t h e  
d e g r e e  o f  i o n i z a t i o n  v a r i e s  g r e a t l y  b e t w e e n  i n o r g a n i c  and 
o r g a n i c  m e t a l  compounds .
ICP-MS I n d u c t i v e l y  c o u p l e d  p l a s m a  ( ICP)  h a s  b een  
c o u p l e d  t o  MS t o  e f f e c t i v e l y  i o n i z e  t h e  m e t a l  compound 
r e g a r d l e s s  o f  c h e m i c a l  f o r m s .  The a d v a n t a g e  o f  t h i s  s y s t e m  
i s  t h a t  i t  y i e l d s  t h e  i s o t o p i c  i n f o r m a t i o n  o f  t h e  m e t a l .
B u t  i t  d o e s  n o t  p r o v i d e  t h e  i n f o r m a t i o n  on m o l e c u l a r
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^ggture,  r e d u c i n g  t h e  m e r i t s  o f  MS. N o n e t h e l e s s  ICP-MS i s  
gj t .ul ly d e v e l o p e d  a s  a  m a t u r e d  t o o l  y e t .
A t o mi c  S p e c t r o s c o p y  (AAS and  ICP) i s  t h e  mos t  w i d e l y  
^ i n s t r u m e n t a l  t e c h n i q u e  f o r  m e t a l  d e t e c t i o n  b e c a u s e  t h e  
i s  b o t h  h i g h l y  s e n s i t i v e  and s e l e c t i v e .  However ,  i t  
o n l y  i n f o r m a t i o n  on t h e  t o t a l  c o n c e n t r a t i o n  of  t h e  
a n d  c a n  n o t  be u s e d  by i t s e l f  a s  a m e t a l  s p e c i a t i o n  
ggjpii.que. I f  u s e d  a s  a m e ta l  s p e c i f i c  d e t e c t o r  f o r  
^ U ^ a t o g r a p h y , i t  c a n  y i e l d  u n e q u i v o c a l  i d e n t i f i c a t i o n  of  
^ . a e t a 1 compound.  C h r o m a t o g r a m s  a r e  much s i m p l e r  t o  
j j£**pret  b e c a u s e  t h e y  d e t e c t  s p e c i f i c  m e t a l  compounds  
^ . j i ya t ed  by c h r o m a t o g r a p h y .  T h i s  e l i m i n a t e s  much o f  t h e  
(jCl p E e x i t y  due  t o  t h e  p r e s e n c e  o f  many o r g a n i c  compounds  
c o n v e n t i o n a l  non  s e l e c t i v e  d e t e c t o r s  a r e  u s e d .
B o t h  ICP and  a t o m i c  a b s o r p t i o n  s p e c t r o m e t e r  (AAS) h av e  
c o u p l e d  w i t h  c h r o m a t o g r a p h y  f o r  m e t a l  compound 
d * i t c t i o n .  An ICP g i v e s  more v e r s a t i l i t y  t h a n  AAS b e c a u s e  
i s  a  m u l t i e l e m e n t  d e t e c t i o n  i n s t r u m e n t .  However ,  ICP 
fgQftS many p r o b l e m s  i n  i n t e r f a c i n g  s u c h  a s  n e c e s s i t y  o f  low 
# 0 ( y e n t  l e a d i n g ,  d i f f i c u l t i e s  i n  h a n d l i n g  o r g a n i c  s o l v e n t ,  
p | A8(na i n s t a b i l i t y  p l u s  t h e  h i g h  p r i c e .  AAS i s  much e a s i e r  
h a n d l e  a nd  more  s e n s i t i v e  i n  many m e t a l s .
g t £ h roma t o g r a p h y - A t o m i c  A b s o r p t i o n  S p e c t r o s c o p y
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When AAS i s  c o u p l e d  a s  a  d e t e c t o r  t o  a  c h r o m a t o g r a p h y ,  
t h e  a t o m i z e r  o f  AAS i s  t h e  p l a c e  of  i n t e r f a c e  t o  t h e  
c h r o m a t o g r a p h y .  However ,  d e p e n d i n g  on t h e  t y p e  of  
c h r o m a t o g r a p h y  and  t h e  a t o m i z e r  u s e d ,  t h e  r e q u i r e d  
i n t e r f a c e  d e s i g n  v a r i e s  s i g n i f i c a n t l y .  We w i l l  d i s c u s s  i t  
i n  d e t a i 1 b e l ow .
a )  Gas Ch ro ma to g ra ph y- AAS
The f i r s t  c o u p l e d  c h r o m a t o g r a p h y  t o  a t o m i c  a b s o r p t i o n  
s p e c t r o s c o p y  s y s t e m  was r e p o r t e d  by Kolb e t  a  1 . 3 * i n  1966,  
i n  c o u p l i n g  g a s  c h r o m a t o g r a p h y  t o  f l a m e  AAS w i t h  an  
a i r / a c e t y l e n e  f l a m e  i n  t h e  s t u d y  o f  t e t r a a 1k y 11ead  
compounds  i n  g a s o l i n e .  The end o f  t h e  co lumn was d i r e c t l y  
c o n n e c t e d  t o  t h e  i n l e t  o f  t h e  p n e u m a t i c  n e b u l i z e r  and  t h e  
e f f l u e n t  f rom t h e  co lumn was s we p t  i n t o  t h e  f l a m e  a t o m i z e r  
by a i r / f u e l  ga s  m i x t u r e .  T h i s  d e s i g n ,  h o w ev e r ,  s u f f e r e d  
f rom p o o r  s e n s i t i v i t y  and  p eak  d i s p e r s i o n .  Morrow e t  a l . 37 
u s e d  n i t r o u s  o x i d e / a c e t y l e n e  f l a m e  w i t h  s i m i l a r  I n t e r f a c i n g  
f o r  t h e  s i l i c o n  s p e c i f i c  d e t e c t i o n  o f  s i l y t a t e d  a l c o h o l s .  
L a t e r ,  C o k e r 30 n o t e d  t h a t  s e v e r e  p eak  b r o a d e n i n g  and  
a c c o m p a n y i n g  p o o r  s e n s i t i v i t y  were  due t o  a p o o r  
i n t e r f a c i n g .  He m o d i f i e d  t h e  i n t e r f a c i n g  t o  p a s s  t h e  
c h r o m a t o g r a p h i c  e f f l u e n t  I n t o  a m a n i f o l d  p l a c e d  j u s t  be lo w 
t h e  b u r n e r  s l o t  f o r  d i r e c t  i n t r o d u c t i o n  i n t o  f l a m e .  Wi th
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t h i s  i n t e r f a c i n g  he o b t a i n e d  an i n c r e a s e d  s e n s i t i v i t y  
w i t h o u t  a ny  s i g n i f i c a n t  p eak  b r o a d e n i n g .
G r a p h i t e  f u r n a c e  a t o m i z e r  e n j o y s  much h i g h e r  
s e n s i t i v i t y  o v e r  f l a m e  a t o m i z e r ;  t h u s ,  i t  would  be  t h e  
a t o m i z e r  o f  c h o i c e  i n  many c a s e s .  The f i r s t  GC c o u p l i n g  t o  
a g r a p h i t e  f u r n a c e  was r e p o r t e d  by S e g a r * 9 i n  1974,  i n  
wh i ch  t h e  end o f  t u n g s t e n  t r a n s f e r  l i n e  t h a t  c o n n e c t e d  t o  
t h e  end o f  GC co lumn was s i m p l y  p a s s e d  t h r o u g h  an  e n l a r g e d  
h o l e  i n  t h e  c o m m e r c i a l  g r a p h i t e  t u b e .  I n c r e a s e d  s e n s i t i v i t y  
o v e r  t h e  f l a m e  a t o m i z e r  was n o t e d  w i t h  t h i s  c r u d e  a p p r o a c h .  
However ,  t h e  s e n s i t i v i t y  i n c r e m e n t  was n o t  s a t i s f a c t o r y  
c o n s i d e r i n g  t h e  g r a p h i t e  a t o m i z e r  was u s e d ,  and n o t  
s u r p r i s i n g l y  t h e r e  was h i g h  b a c k g r o u n d  due  t o  m o l e c u l a r  
a b s o r p t i  on.
V a r i o u s  o t h e r  t y p e s  o f  I n t e r f a c i n g  d e v i c e s  and 
g r a p h i t e  a t o m i z e r s  were  d e v e l o p e d  t o  i mp r o v e  s e n s i t i v i t y  
and  m i n i m i z e  b a c k g r o u n d  a b s o r p t i o n ,  i n c l u d i n g  t h e  
e 1e c t r o t h e r m a l l y  h e a t e d  q u a r t z  t u b e 4 0 , q u a r t z  T t u b e 4 1 , and 
t h e y  s u c c e e d e d  t o  some e x t e n t .  However ,  t h e i r  u s a g e  was 
c o n f i n e d  t o  a  few m e t a l s  b e c a u s e  o f  t e m p e r a t u r e  
l i m i t a t i o n s ,  and  o v e r a l l  p e r f o r m a n c e  was f a r  l e s s  t h a n  f o r  
p r a c t i c a l  u s e .
R o b i n s o n  e t  a l . 4 * i n  1979 d e v e l o p e d  t h e  g r a p h i t e  T 
a t o m i z e r  i n  t h e  s t u d y  o f  t e t r a a 1kyI 1e a d  compound i n  
g a s o l i n e  and  i t s  d e g r a d a t i o n  i n  s e a  w a t e r .  In t h i s  g r a p h i t e
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T a t o m i z e r  i n t e r f a c i n g ,  t h e  end  o f  t h e  GC c o l u m n  was 
c o n n e c t e d  t h r o u g h  P y r e x  t r a n s f e r  l i n e  t o  t h e  v e r t i c a l  t u b e  
o f  a t o m i z e r  wh i ch  was k e p t  a b o u t  2000  ( C t h r o u g h o u t  t h e  
r u n .  The e f f l u e n t  f rom t h e  c h r o m a t o g r a p h  e n t e r e d  t h e  
v e r t i c a l  t u b e  o f  a t o m i z e r  whe r e  t h e  a n a l y t e  m e t a l  compound 
was v a p o r i z e d ,  de compos ed  and  a t o m i z e d  b e f o r e  i t  e n t e r e d  
t h e  o p t i c a l  p a t h .  In t h i s  way,  mos t  of  o r g a n i c  compound 
t h a t  would  o t h e r w i s e  g i v e  h i g h  b a c k g r o u n d  a b s o r p t i o n  was 
de compos ed  b e f o r e  i t  e n t e r e d  t h e  o p t i c a l  p a t h .  The 
h o r i z o n t a l  t u b e  was s e r v e d  a s  a t o m i c  v a p o r  r e s e r v o i r  where  
a b s o r p t i o n  t o o k  p l a c e .  The d e s i g n  p r o v i d e d  i n c r e a s e d  
s e n s i t i v i t y  and  n e g l i g i b l e  b a c k g r o u n d  a b s o r p t i o n .  V a r i o u s  
r e f i n e m e n t s  h a v e  b e e n  done  t o  i mp r o v e  t h e  s e n s i t i v i t y  and 
a c h i e v e d  a  2 pg d e t e c t i o n  l i m i t  w i t h  m e r c u r y . * 3
However ,  GC s e p a r a t i o n  was o n l y  e f f e c t i v e  whe r e  
t h e r m a l  s t a b i l i t y ,  v o l a t i l i t y  and  a f a v o r a b l e  p a r t i t i o n  
c o e f f i c i e n t  b e t w e e n  m e t a l  s p e c i e s  and  co l umn  m a t e r i a l  
e x i s t e d .  T h i s  l i m i t e d  t h e  a p p l i c a t i o n  t o  a  few v o l a t i l e  
m e t a l s  s u c h  a s  o f  m e r c u r y ,  a r s e n i c ,  l e a d ,  s e l e n i u m ,  
cadmium,  e t c .  F o r  mos t  o t h e r  m e t a l s  GC i s  n o t  an  a t t r a c t i v e  
me thod  o f  s e p a r a t i o n .
b)  L i q u i d  Chr o ma to gr a ph y - AAS
In g e n e r a l  t h e  c o u p l i n g  o f  LC t o  AAS i s  more  d i f f i c u l t  
t h a n  GC b e c a u s e  o f  d i f f i c u l t i e s  i n  h a n d l i n g  t h e  l i q u i d  i n
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t h e  m o b i l e  p h a s e .  The a t o m i z e r  mus t  be  c a p a b l e  o f  h a n d l i n g  
a  s o l v e n t  f l o w  r a t e  o f  t y p i c a l l y  1 mL/minf wh ic h  may be 
a q u e o u s  o r  o r g a n i c  i n  n a t u r e .
LC~Flame A t o m i z e r  AAS
In 1973 Manahan and  J o n e s 44 r e p o r t e d  t h e  i n t e r f a c i n g  
o f  l i q u i d  c h r o m a t o g r a p h y  t o  f l a m e  AAS w i t h  a i r / a c e t y I e n e  
f l a m e  i n  t h e  s t u d y  of  c o p p e r ,  by c o n n e c t i n g  t h e  end of  t h e  
LC co lumn t o  t h e  i n l e t  of  t h e  p n e u m a t i c  n e b u l i z e r  u s i n g  
c a p i l l a r y  Tygon t u b i n g .  P o o r  s e n s i t i v i t y  and  b r o a d e n e d  
p e a k s  we r e  o b s e r v e d  w i t h  t h i s  c r u d e  i n t e r f a c i n g .  Unmatched 
LC l i q u i d  f l o w  r a t e  and  n e b u l i z e r  u p t a k e  r a t e  was one of  
t h e  p r o b l e m s  e n c o u n t e r e d .
In t h e  same y e a r ,  Yoza and  O h a s h i 43 r e p o r t e d  t h e  
i n t e r f a c i n g  o f  f l a m e  AAS t o  a  s i z e  e x c l u s i o n  co lumn i n  t h e  
d e t e r m i n a t i o n  of  magnes ium and  p o t a s s i u m  compounds .  They 
t r i e d  t o  m a t c h  t h e  n e b u l i z e r  u p t a k e  r a t e  t o  LC f l o w  r a t e  t o  
p r e v e n t  s o l v e n t  s t a r v a t i o n  t h a t  may l e a d  t o  g a s  b u b b l i n g  i n  
n e b u l i z e r ,  b u t  t h e y  f o u n d  b a l a n c i n g  o f  t h e  two f l o w  r a t e s  
t o  be v e r y  d i f f i c u l t .  They ,  i n s t e a d ,  e mp lo y e d  a  T p i e c e  
w i t h  one end  p l a c e d  i n  a w a t e r  r e s e r v o i r  f rom w h i c h  any  
a d d i t i o n a l  s o l v e n t  r e q u i r e d  by t h e  n e b u l i z e r  c o u l d  be 
d r awn .  T h i s ,  h o w e v e r ,  l e d  t o  s a m p l e  d i l u t i o n  w h i c h  
d e c r e a s e d  t h e  s e n s i t i v i t y  f u r t h e r .
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K or o p c h a k  and  Co l eman44 f o u n d  t h a t  o p e r a t i n g  a 
p n e u m a t i c  n e b u l i z e r  a t  a s l i g h t  b a c k p r e s s u r e  n e g a t e d  t h e  
u s e  o f  a  p o s t  co lumn d i l u t e r  t o  ma t ch  LC f l o w  r a t e  w i t h  
n e b u l i z e r  u p t a k e  r a t e  and  o b s e r v e d  i m p r o v ed  d e t e c t i o n  
1imi  t s .
V a r i o u s  o t h e r  i n t e r f a c i n g  d e s i g n s  h a ve  b e e n  s u g g e s t e d  
t o  o b t a i n  a  h i g h  s e n s i t i v i t y .  S l a v i n  a nd  S c h m i d t 47 
i n t r o d u c e d  a n  i n j e c t i o n  cup  t e c h n i q u e  f o r  t h e  d e t e r m i n a t i o n  
o f  a mi no  a c i d s  a f t e r  m e t a l  l a b e l l i n g .  In t h e i r  s y s t e m ,  t h e  
e f f l u e n t  f rom t h e  co lumn was c o l l e c t e d  i n  a  d r o p  f o r m e r  t o  
a b o u t  100 L and  t h e n  d r o p p e d  i n t o  t h e  c o n i c a l  cup  wh ic h  
was c o n n e c t e d  t o  t h e  i n l e t  o f  p n e u m a t i c  n e b u l i z e r .  The 
s a m p l e  d r o p  was s u c k e d  i n t o  a f l a m e  a t o m i z e r ,  p r o d u c i n g  a 
non  c o n t i n u o u s  s p i k e  s i g n a l .
H i l l s  e t  a l . 4a r e p o r t e d  t h e  u s e  o f  a s e r i e s  of  
r o t a t i n g  p l a t i n u m  s p i r a l s ,  wh i ch  t r a n s p o r t e d  t h e  e f f l u e n t  
i n  d i s c r e t e  d r o p s  f rom t h e  co lumn t o  f i r s t  a c o o l  f l a m e ,  t o  
d r y  t h e  s p i r a l ,  and  t h e n  a n  a i r / a c e t y l e n e  f l a m e  t o  a t o m i z e  
t h e  s a m p l e .  T h e s e  i n t e r f a c i n g  t e c h n i q u e s  p r o d u c e d  a non 
c o n t i n u o u s  c h r o m a t o g r a m  c o n s i s t i n g  o f  a  s e r i e s  o f  d i s c r e t e  
p e a k s .  I f  two m e t a l  s p e c i e s  were  e l u t e d  v e r y  c l o s e l y ,  t h e s e  
t y p e s  o f  i n t e r f a c i n g  may n o t  r e s o l v e  t h e  p e a k s .
R o b i n s o n  and  B o o t h e 4 9 d e v e l o p e d  a n  u l t r a s o n i c  
n e b u l i z e r  i n t e r f a c e  i n  wh ic h  t h e  e f f l u e n t  f rom column was 
c o n t i n u o u s l y  f e d  t o  t h e  f l a m e  t h r o u g h  t h e  u l t r a s o n i c
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n e b u l i z e r  p l a c e d  j u s t  be lo w t h e  f l a m e .  The u l t r a s o n i c  
n e b u l i z e r  p r o d u c e d  v e r y  u n i f o r m  a e r o s o l s ,  i n d e p e n d e n t  o f  
t h e  g a s  f l o w .  In c o m b i n a t i o n  w i t h  t h e  d e s o l v a t i o n  p r o c e s s ,  
t h e  s y s t e m  o f f e r e d  much i m p r o v ed  s e n s i t i v i t y  o v e r  p r e v i o u s  
i n t e r f a c e  d e s i g n s .  However ,  t h e r e  was a  t e n d e n c y  f o r  t h e  
c o l d  n e b u l i z e d  d r o p l e t s  t o  c o a l e s c e  i n  r o u t e  t o  t h e  
a t o m i z e r .  H e a t i n g  t h e  b u r n e r  s t em p r e v e n t e d  r e c o n d e n s i n g  
and  r e c o a l e s i n g  o f  a e r o s o l s  and i m p r o v ed  t h e  s e n s i t i v i t y  o f  
t h e  s y s t e m .
L C - G r a p h i t e  A t o m i z e r  AAS
I n t e r f a c i n g  LC t o  a  g r a p h i t e  a t o m i z e r  i s  p a r t i c u l a r l y  
d i f f i c u l t  b e c a u s e  o f  t h e  i n a b i l i t y  o f  t h e  a t o m i z e r  t o  
h a n d l e  a l a r g e  q u a n t i t y  o f  l i q u i d  f rom LC. The n e c e s s i t y  t o  
d r y  and  a s h  t h e  s a m p l e  p r i o r  t o  a t o m i z a t i o n  i n  c o m m e r c i a l  
d e s i g n  makes  i t  e v e n  more  d i f f i c u l t  t o  c o u p l e  d i r e c t l y  t h e  
two t e c h n i q u e s .
A t t e m p t s  we r e  made i n  R o b i n s o n ’ s r e s e a r c h  g r o u p 30 t o  
c o u p l e  t h e  LC t o  t h e  g r a p h i t e  T a t o m i z e r ,  wh i ch  had b e e n  
s u c c e s s f u l l y  u s e d  w i t h  GC-AAS, by b u r n i n g  t h e  LC e f f l u e n t  
w i t h  a m i n i a t u r e  o x y g e n / h y d r o g e n  f l a m e  p r i o r  t o  t h e  s a m p l e  
e n t e r i n g  t h e  g r a p h i t e  a t o m i z e r .  However ,  t h e  e x c e s s  w a t e r  
v a p o r  e r o d e d  t h e  g r a p h i t e  a t o m i z e r  s u r f a c e  q u i c k l y .  The 
l i f e  t i m e  o f  t h e  g r a p h i t e  a t o m i z e r  was v e r y  s h o r t  (15 
m i n u t e s ) ,  mak i ng  i t  u n p r a c t i c a l .
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V a r i o u s  i n d i r e c t  c o u p l i n g  me th o ds  h a ve  b e e n  s u g g e s t e d  
t o  c i r c u m v e n t  t h i s  p r o b l e m .  Two t y p e s  o f  c o u p l i n g  
t e c h n i q u e s  a r e  g e n e r a l l y  u s e d . 31 The f i r s t  u t i l i z e d  a  f l o w  
t h r o u g h  a  c e l l  f rom w h i c h  t h e  e l u e n t  was p e r i o d i c a l l y  
s a m p l e d  and  i n j e c t e d  i n t o  a g r a p h i t e  f u r n a c e ,  t h e  so  c a l l e d  
p u l s e d  mode o p e r a t i o n .  In t h e  s e c o n d ,  t e r m e d  s u r v e y  mode,  
t h e  e l u e n t  was c o l l e c t e d  by an  a u t o  s a m p l e r  and  e a c h  
c o l l e c t e d  f r a c t i o n  a n a l y z e d  by AAS. However ,  t h e  
c h r o m a t o g r a m  o b t a i n e d  w i t h  i n d i r e c t  c o u p l i n g  c o n s i s t s  of  a 
s e r i e s  o f  d i s c r e t e  p e a k s  wh ic h  was i n f e r i o r  t o  c o n v e n t i o n a l  
c o n t i n u o u s  c h r o m a t o g r a m .
S p e c i e s  d e p e n d e n c y  o f  t h e  d e t e c t o r  s i g n a l  i s  a l s o  an 
i m p o r t a n t  c o n s i d e r a t i o n .  V a r i a t i o n s  i n  s i g n a l  f o r  d i f f e r e n t  
compounds  o f  t h e  same e l e m e n t  c o n t a i n i n g  s i m i l a r  a m o u n t s  of  
a n a l y t e  were  n o t e d  i n  t h e  d a t a  o f  H a r a g u c h i  e t  a l . 82 Flame  
a t o m i z e r s  p r e s e n t e d  no o r  l i t t l e  v a r i a t i o n  i n  s i g n a l  l e v e l s  
i n  s u c h  c a s e s .  F u r n a c e  a t o m i z e r  p r e s e n t e d  s i g n i f i c a n t  
s i g n a l  v a r i a t i o n s  w i t h  d i f f e r e n t  s p e c i e s .  Thus ,  c a l i b r a t i o n  
mus t  be made w i t h  t h i s  p r o b l e m  i n  mind.
7 .  R e a s o n s  o f  T h i s  S t u d y
The g e n e r a l  p u r p o s e  o f  t h i s  s t u d y  i s  t o  d e v e l o p  an 
a n a l y t i c a l  t e c h n i q u e  t h a t  c a n  be  u s e d  f o r  m e t a l  s p e c i a t i o n .  
The t e c h n i q u e  s h o u l d  o f f e r  r a p i d  s e p a r a t i o n  and  m e a s u r e m e n t  
w i t h o u t  r e q u i r i n g  any  e x t e n s i v e  s a m p l e  p r e p a r a t i o n  s t e p s .
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To a c h i e v e  t h e  g o a l s ,  we a r e  d e v e l o p i n g  an o n - l i n e  
HPLC/ f l ame  AAS s y s t e m .
In  o u r  s t u d y ,  HPLC i s  u s e d  t o  s e p a r a t e  t h e  me ta l  
compounds  and  f l a m e  AAS i s  u s e d  t o  d e t e c t  t h e  s e p a r a t e d  
m e t a l  compounds  s e l e c t i v e l y .  Most  o f  t h e  p r e v i o u s  s t u d i e s  
u s i n g  p n e u m a t i c  n e b u l i z e r  a s  an  i n t e r f a c i n g  d e v i c e  were  
u n s a t i s f a c t o r y  b e c a u s e  o f  p o o r  s e n s i t i v i t y ,  memory e f f e c t s ,  
I n t e r f e r e n c e s  a nd  p e a k  b r o a d e n i n g .  U s i n g  an  u l t r a s o n i c  
n e b u l i z e r  gave  a  s e n s i t i v i t y  i m p r o v em e n t  o v e r  t h e  p n e u m a t i c  
n e b u l i z e r .  However ,  t h i s  r e q u i r e d  e x t r a  d e s o l v a t i o n  
a p p a r a t u s  t h a t  may l e a d  t o  p o s s i b l e  memory e f f e c t  and 
I n t e r f e r e n c e s .
In t h i s  s t u d y ,  t h e  t h e r m o s p r a y  n e b u l i z e r  was u s e d  a s  
an  i n t e r f a c i n g  d e v i c e  t o  f l a m e  AAS i n  r e p l a c e m e n t  o f  t h e  
p n e u m a t i c  n e b u l i z e r .  Our p r i m a r y  goa l  i s  t o  o b t a i n  an  
e n h a n c e d  s e n s i t i v i t y  w i t h  f l a m e  AAS. E q u a l l y  e m p h a s i z e d  
f a c t o r s  i n  t h e  i n t e r f a c i n g  a r e  minimum memory e f f e c t ,  
minimum d ead  vo lume t o  m a i n t a i n  c h r o m a t o g r a p h i c  r e s o l u t i o n ,  
minimum i n t e r f e r e n c e s ,  and  no l i m i t a t i o n s  t o  LC o p e r a t i o n a l  
c o n d i t i o n s ,  i . e .  f l e x i b i l i t y  i n  f l o w  r a t e  a nd  g r a d i e n t  
e l u t i o n  c a p a b i l i t i e s .
A f t e r  d e v e l o p m e n t  o f  a  s a t i s f a c t o r y  i n t e r f a c e d  s y s t e m ,  
s t u d i e s  d e m o n s t r a t i n g  i t s  u s e f u l n e s s  i n  m e t a l  s p e c i a t i o n  
would  be  u n d e r t a k e n .  T h e s e  i n c l u d e  s t u d i e s  on t h e  u p t a k e  of  
h e a v y  m e t a l s  by duckweed ,  t h e  e f f e c t s  o f  h e a v y  m e t a l s  on
31
duckweed  c h l o r o p h y l l  and  s p e c i a t i o n  s t u d i e s  o f  c a l c i u m  i n  
u r i n e .
PART I
DEVELOPMENT OF THERMOSPRAY NEBULIZER AS A SAMPLE 
INTRODUCING DEVICE TO FLAME ATOMIZER: INTERFACING TO 
HIGH PERFORMANCE LIQUID CHROMATOGRAPHY
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1. I n t r o d u c t i o n
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Flame  AAS i s  one  o f  t h e  m o s t  common m e t a l  d e t e c t i o n  
t e c h n i q u e s  and y i e l d s  good s e n s i t i v i t y  and  s e l e c t i v i t y .  
However ,  when i t  i s  i n t e r f a c e d  t o  HPLC, f l a m e  AAS 
f r e q u e n t l y  s u f f e r s  f r om r e d u c e d  s e n s i t i v i t y  b e c a u s e  t h e  
s a m p l e  may be s e p a r a t e d  i n t o  n um e ro u s  i n d i v i d u a l  c omp o n en t s  
w h i c h  a r e  f u r t h e r  d i l u t e d  by t h e  m o b i l e  p h a s e .  I t  i s  
n e c e s s a r y  t o  i mp r o v e  t h e  s e n s i t i v i t y  o f  f l a m e  AAS i n  o r d e r  
t o  e n h a n c e  i t s  s u i t a b i l i t y  a s  a  c h r o m a t o g r a p h y  d e t e c t o r  f o r  
m e t a l  s p e c i a t i o n  s t u d i e s .
The s a m p l e  i n t r o d u c t i o n  p r o c e s s  t o  f l a m e  a t o m i z e r  i s  
t h e  mos t  i m p o r t a n t  and  mos t  i n e f f i c i e n t  p r o c e s s  i n  t h e  
wh o le  f l a m e  AAS s y s t e m  among t h e  f a c t o r s  t h a t  g o v e r n  t h e  
f l a m e  AAS s e n s i t i v i t y .  I m p r o v i n g  t h i s  p r o c e s s  would  e n h a n c e  
t h e  f l a m e  AAS s e n s i t i v i t y .  The n e b u l i z a t i o n  and d e s o l v a t i o n  
p r o c e s s e s  a r e  c r i t i c a l l y  i n v o l v e d  w i t h  t h e  s a m p l e  
i n t r o d u c t i o n  i n  f l a m e  AAS. In o r d e r  t o  impr ove  t h e  
s e n s i t i v i t y  o f  f l a m e  AAS, t h e  i m p r o v e me n t  o f  t h e s e  
p r o c e s s e s  i s  n e c e s s a r y .
34
2 .  I n t r o d u c t i o n  t o  A to mi c  A b s o r p t i o n  S p e c t r o s c o p y
Modern a t o m i c  s p e c t r o s c o p y  h a s  i t s  o r i g i n s  i n  t h e  work 
o f  Bunsen  and  K i r c h h o f f  i n  t h e  l a t t e r  p a r t  o f  t h e  1 9 t h  
c e n t u r y . 33 However ,  a t o m i c  a b s o r p t i o n  s p e c t r o s c o p y  was n o t  
c o n s i d e r e d  a s  a n  a n a l y t i c a l  i n s t r u m e n t  u n t i l  A la n  Walsh 
p r o p o s e d  t h e  c o n c e p t  o f  a t o m i c  a b s o r p t i o n  s p e c t r o s c o p y  i n  
1 9 5 5 . 54 H i s  i d e a  was t o  p r e s e n t  t h e  a n a l y t e  a s  an  a t o m i c  
v a p o r  and  t h r o u g h  i t  p a s s  t h e  r e s o n a n c e  r a d i a t i o n  so  t h a t  
t h e  g r o u n d  s t a t e  a tom a b s o r b s  t h e  r a d i a t i o n  and  u n d e r g o e s  
t r a n s i t i o n  t o  t h e  e x c i t e d  s t a t e .  The p e r c e n t a g e  of  
r a d i a t i o n  a b s o r b e d  c o u l d  t h e n  b e  m e a s u r e d  and d i r e c t l y  
r e l a t e d  t o  t h e  m e t a l  c o n c e n t r a t i o n  i n  t h e  s a m p l e .
A t o mi c  a b s o r p t i o n  i s  t h e n  t h e  p r o c e s s  t h a t  o c c u r s  when 
a  g r o u n d  s t a t e  a tom a b s o r b s  t h e  r a d i a t i o n  o f  a n  e x a c t l y  
d e f i n e d  w a v e l e n g t h .  The p r o c e s s  can  be  i l l u s t r a t e d  a s :
A + hv ( f rom r a d i a t i o n  s o u r c e ) —^A* (1)
w he r e  A i s  a  g r o u n d  s t a t e  a tom
A* i s  an  e x c i t e d  s t a t e  a t o m.
F i g u r e  1 shows  t h e  key  f e a t u r e s  i n  a t o m i c  a b s o r p t i o n  
s p e c t r o m e t e r .  In  t h i s  c h a p t e r  we w i l l  d i s c u s s  some o f  t h e  
k e y  c o m p o n e n t s .
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A. R a d i a t i o n  S o u r c e s
The r a d i a t i o n  s o u r c e  e m i t s  t h e  r a d i a t i o n  o f  t h e  
c o r r e c t  w a v e l e n g t h  s o  t h a t  t h e  g r o u n d  s t a t e  a tom t o  be 
d e t e r m i n e d  a b s o r b s  i t .  The f o l l o w i n g  i s  a d i s c u s s i o n  of  
r a d i a t i o n  s o u r c e s  t h a t  a r e  commonly u s e d .
1) Ho l l o w  c a t h o d e  Lamp (HCL)
H ol l o w  c a t h o d e  lamp,  wh i ch  h a s  b e e n  u s e d  f o r  many 
y e a r s  s i n c e  i t s  i n t r o d u c t i o n  by U a l s h ,  i s  by f a r  t h e  mos t  
p o p u l a r  s o u r c e  f o r  a t o m i c  a b s o r p t i o n  s p e c t r o s c o p y .  
T y p i c a l l y ,  a  h o l l o w  c a t h o d e  lamp c o n s i s t s  o f  a  g l a s s  
c y l i n d e r  f i l l e d  w i t h  an  i n e r t  ga s  u n d e r  a  p r e s s u r e  o f  a  few 
t o r r  i n t o  w h i c h  a n  a n o d e  and  c a t h o d e  h a ve  b e e n  f u s e d .  The 
c a t h o d e  i s  g e n e r a l l y  i n  t h e  fo rm o f  a  h o l l o w  c y l i n d e r  and  
e i t h e r  made o f  t h e  a n a l y t e  m e t a l  o r  made o f  a l uminum cup 
f i l l e d  w i t h  t h e  m e t a l  o r  a  s a l t  o f  t h e  m e t a l .  The a n o de  i s  
i n  t h e  fo rm o f  t h i c k  w i r e  o r  h o l l o w  d i s k  u s u a l l y  o f  
t u n g s t e n  o r  n i c k e l .  I f  a  v o l t a g e  o f  s e v e r a l  h u n d r e d  v o l t s  
i s  a p p l i e d  a c r o s s  t h e  e l e c t r o d e s ,  a  glow d i s c h a r g e  t a k e s  
p l a c e .  A s t r e a m  o f  p o s i t i v e  i o n s ,  g e n e r a t e d  f rom t h e  i n e r t  
g a s  by t h e  d i s c h a r g e ,  s t r i k e s  t h e  s u r f a c e  o f  t h e  c a t h o d e  t o  
knock  o f f  a t o m s  f rom t h e  c a t h o d e .  T h e s e  e j e c t e d  a toms  
f u r t h e r  c o l l i d e  w i t h  i n e r t  g a s  and  a r e  e x c i t e d  t o  e x c i t e d  
s t a t e s .  In t h e  p r o c e s s  o f  r e l a x a t i o n  t o  t h e  g r o u n d  s t a t e
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t h e y  e m i t  t h e  r a d i a t i o n  a t  w a v e l e n g t h s  c h a r a c t e r i s t i c  o f  
t h e  m e t a 1.
Two m a j o r  p r o b l e m s  a r e  i n v o l v e d  i n  h o l l o w  c a t h o d e  
l amps .  T h e s e  a r e  t h e  D o p p l e r  e f f e c t  and  t h e  s e l f  
a b s o r p t i o n .  The D o p p l e r  e f f e c t  c a u s e s  e m i s s i o n  l i n e  
b r o a d e n i n g  and  i s  w o r s e  when t h e  c a t h o d e  i s  h o t .  S e l f  
a b s o r p t i o n  i s  due t o  t h e  r e - a b s o r p t i o n  o f  t h e  e m i s s i o n  by 
c l o u d  o f  g r o u n d  s t a t e  a t o m s .  T h i s  r e a b s o r p t i o n  o c c u r s  a t  
t h e  v e r y  c e n t e r  o f  t h e  e m i s s i o n  l i n e .  I t  r e d u c e s  t h e  
a b s o r p t i o n  l i n e  i n t e n s i t y  and  l e a d s  t o  t h e  d i s t o r t i o n  o f  
c a l i b r a t i o n  c u r v e s .  T h e s e  e f f e c t s  become s e v e r e  when h i g h  
c u r r e n t  i s  u s e d .  Thus  e m i s s i o n  l i n e  i n t e n s i t y  o f  HCL i s  
l i m i t e d  by t h e  a c c o m p a n y i n g  l i n e  b r o a d e n i n g  and  s e l f  
a b s o r p t i o n .  T h e s e  p r o b l e m s  a r e  m i n i m i z e d  by u s i n g  t h e  
d e m o u n t a b l e  h o l l o w  c a t h o d e  lamp d e s c r i b e d  b e l o w .
2)  D e m o u n t a b l e  H o l l o w  C a t h o d e  Lamp
I n  o r d e r  t o  p r o d u c e  a  n a r r o w  i n t e n s e  e m i s s i o n  l i n e ,  a 
d e m o u n t a b l e  h o l l o w  c a t h o d e  lamp was d e v e l o p e d  and  u s e d  i n  
R o b i n s o n ’ s r e s e a r c h  g r o u p 3 3 . A s c h e m a t i c  d i a g r a m  f o r  a 
d e m o u n t a b l e  h o l l o w  c a t h o d e  i s  shown i n  F i g u r e  2 .  In a 
d e m o u n t a b l e  h o l l o w  c a t h o d e  lamp,  t h e  g a s e o u s  m e t a l  a to m s  
c a u s i n g  s e l f  a b s o r p t i o n  a r e  c o n t i n u a l l y  r emoved  by means o f  
a  f l o w  o f  t h e  f i l l e r  g a s  a nd  vacuum s y s t e m ,  a l l o w i n g  h i g h  
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m a i n t a i n  tow o p e r a t i o n a l  t e m p e r a t u r e  t o  r e d u c e  t h e  D o p p l e r  
e f f e c t .  The n e t  r e s u l t  i s  a n a r r o w  and  i n t e n s e  e m i s s i o n  
1 i n e .
B e s i d e s ,  i t  i s  l e s s  e x p e n s i v e  t o  u s e  t h a n  c o m me r c i a l  
h o l l o w  c a t h o d e  l amps .  The d e m o u n t a b l e  c a t h o d e s  c a n  be  
m a c h i n e d  i n  t h e  l a b o r a t o r y  e a s i l y .  The e x p e n s e  o f  h a v i n g  
d e m o u n t a b l e  c a t h o d e s  f o r  many e l e m e n t s  i s  n e g l i g i b l e  
c om p ar e d  t o  an  e q u a l  number  o f  h o l l o w  c a t h o d e  l amps .
3)  E 1e c t r o d e 1 e s s  D i s c h a r g e  Lamp (EDL)
An e 1e c t r o d e 1 e s s  d i s c h a r g e  lamp was d e v e l o p e d  f o r  t h e  
v o l a t i l e  m e t a l s  s u c h  a s  Hg, Pb,  As,  Cd and  Se ,  o f  wh i ch  
HCLs we re  n o t  s a t i s f a c t o r y . 3 * 37 In an  EDL, a  s m a l l  amount  
o f  m e t a l  o f  i n t e r e s t  ( o r  i t s  s a l t )  i s  p l a c e d  i n  a s e a l e d  
q u a r t z  t u b e  c o n t a i n i n g  a few t o r r  o f  a n  i n e r t  gas  s u c h  a s  
n eon  o r  a r g o n .  The t u b e  i s  p l a c e d  i n  a  r a d i o f r e q u e n c y  
c a v i t y .  A r a d i o f r e q u e n c y  e n e r g y  i s  a p p l i e d  t o  i o n i z e  an 
i n e r t  f i l l e r  g a s .  The i o n i z e d  f i l l e r  g a s  c a u s e s  t h e  
s p u t t e r i n g  o f  t h e  m e t a l  a t o m s ,  p r o d u c i n g  i n t e n s e  e m i s s i o n  
l i n e s .  I t  e n j o y s  h i g h  i n t e n s i t y  b u t  s u f f e r s  f rom s h o r t  l i f e  
t i m e  and  l ong  warm up t i m e .
B. M o d u l a t i o n  o f  R a d i a t i o n
In t h e  a t o m i z e r ,  f r e e  a t oms  a r e  f o r m e d  and d i s t r i b u t e d  
b e t w e e n  t h e  g r o u n d  s t a t e  and  t h e  e x c i t e d  s t a t e s  a c c o r d i n g
t o  t h e  B o l t z m a n n  d i s t r i b u t i o n .  Some of  t h e  e x c i t e d  a n a l y t e  
a t oms  u n d e r g o  a t r a n s i t i o n  t o  t h e  g r o u n d  s t a t e  and  e m i t  
r a d i a t i o n  a t  t h e  same w a v e l e n g t h  a s  t h a t  a t  w h i c h  t h e y  
a b s o r b ,  i . e .  t h e  r e s o n a n c e  l i n e .  T h i s  and f l a m e  e m i s s i o n  
p r e s e n t  a  p r o b l e m  i n  m e a s u r i n g  t h e  a b s o r p t i o n  by t h e  g r ound  
s t a t e  a t o ms  b e c a u s e  e m i s s i o n  f rom t h e  a t o m i z e r  i s  a l s o  
m e a s u r e d  and  a d d e d .  M o r e o v e r ,  t h e  v a r i a t i o n  o f  e m i s s i o n  
i n t e n s i t y  l e a d s  t o  i n c r e a s e d  n o i s e  l e v e l .  The r e s u l t s  a r e  
d e c r e a s e d  s e n s i t i v i t y  and  i n c r e a s e d  i n t e r f e r e n c e s .  F o r  t h e  
a c c u r a t e  m e a s u r e m e n t ,  t h e  e m i s s i o n  s i g n a l  f rom t h e  a t o m i z e r  
h a s  t o  be  r e j e c t e d  f rom a b s o r p t i o n  s i g n a l  m e a s u r e m e n t .
In o r d e r  t o  s o l v e  t h i s  p r o b l e m ,  t h e  r a d i a t i o n  f rom t h e  
s o u r c e  i s  m o d u l a t e d  and  t h e  d e t e c t o r  i s  t u n e d  t o  t h e  
m o d u l a t i n g  f r e q u e n c y  t o  r e c o r d  o n l y  t h e  s i g n a l  f rom 
r a d i a t i o n  s o u r c e .  A way o f  m o d u l a t i n g  t h e  r a d i a t i o n  f rom 
t h e  s o u r c e  i s  i n t e r p o s i n g  a m e c h a n i c a l  c h o p p e r  b e t w e e n  t h e  
s o u r c e  and  t h e  a t o m i z e r .  The c h o p p e r  wh i c h  i s  a  r o t a t i n g  
q u a d r a n t  a l t e r n a t e l y  p a s s e s  and  r e f l e c t s  t h e  r a d i a t i o n .
T h i s  p r o v i d e s  t h e  r a d i a t i o n  t h a t  i s  c h o p p e d  t o  a  c e r t a i n  
f r e q u e n c y .  The a m p l i f i e r  i s  s y n c h r o n i z e d  w i t h  t h e  c h o p p i n g  
f r e q u e n c y  t o  o n l y  a m p l i f y  t h e  s i g n a l  o r i g i n a t i n g  f rom 
r a d i a t i o n  s o u r c e .  In t h i s  way,  t h e  u n m o d u l a t e d  e m i s s i o n  
s i g n a l  f rom t h e  a t o m i z e r  c a n  be  r e j e c t e d .
C. A t o m i z e r s
The i n c i d e n t  r a d i a t i o n  f rom a r a d i a t i o n  s o u r c e  p a s s e s  
t h r o u g h  a t o m i z e r ,  i n  wh ic h  a p o r t i o n  o f  t h e  i n c i d e n t  
r a d i a t i o n  i s  a b s o r b e d  by a t o m s .  The f u n c t i o n  of  t h e  
a t o m i z e r  i s  t o  p r o d u c e  a to ms  i n  t h e  g r o u n d  s t a t e  wh i ch  can  
a b s o r b  t h e  i n c i d e n t  r a d i a t i o n .  T h i s  i s  w i t h o u t  d o u b t  t h e  
m os t  c r i t i c a l  p r o c e s s  i n  t h e  who le  AAS s y s t e m .  The s u c c e s s  
o r  f a i l u r e  o f  a d e t e r m i n a t i o n  i s  v i r t u a l l y  d e p e n d e n t  upon 
t h e  e f f e c t i v e n e s s  of  t h e  a t o m i z a t i o n ;  t h e  s e n s i t i v i t y  o f  
t h e  d e t e r m i n a t i o n  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  number  o f  
g r o u n d  s t a t e  a t oms  i n  t h e  a t o m i z e r  c e l l ,  i . e .  t o  t h e  d e g r e e  
o f  a t o m i z a t i o n  o f  t h e  a n a l y t e  m e t a l  i n  t h e  s a m p l e .
The f l a m e  a t o m i z e r  i s  t h e  mos t  w i d e l y  p r a c t i c e d  
t e c h n i q u e  s i n c e  i t s  i n t r o d u c t i o n  i n  1 9 5 5 . 34 From t h e  197 0 s ,  
t h e  g r a p h i t e  f u r n a c e  a t o m i z e r  and t h e  h y d r i d e  g e n e r a t i o n  
t e c h n i q u e  h a ve  b e e n  d e v e l o p e d  w i t h  i m p r o v e m e n t s  i n  
s e n s i t i v i t y .  T h e s e  a r e  u s e d  e s p e c i a l l y  f o r  t r a c e  a n d  
u l t r a t r a c e  m e t a l  d e t e r m i n a t i o n s .
As a  g e n e r a l  r u l e ,  a f l a m e  a t o m i z e r  s h o u l d  be  u s e d  
when a p p l i c a b l e  b e c a u s e  o f  b e t t e r  p r e c i s i o n  and l e s s  
i n t e r f e r e n c e s  t h a n  t h e  g r a p h i t e  f u r n a c e  a t o m i z e r .
1) F l ame  A t o m i z e r
T h e r e  a r e  two p r i n c i p a l  t y p e s  o f  f l a m e  a t o m i z e r s ,  a 
t o t a l  c o n s u m p t i o n  and  a  p r e m i x e d  b u r n e r .  The p r e m i x e d  
b u r n e r  i s  u s e d  a l m o s t  e x c l u s i v e l y  nowadays  b e c a u s e  o f  i t s
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f l a m e  s t a b i l i t y .  A t y p i c a l  c o mm e r c i a l  f l a m e  a t o m i z e r  
a s s e m b l y  i s  shown i n  F i g u r e  3 .  Sample  s o l u t i o n  i s  
i n t r o d u c e d  a s  a n  a e r o s o l  i n t o  t h e  s p r a y  chamber  t h r o u g h  
p n e u m a t i c  n e b u l i z e r  and  i s  s w e p t  by t h e  f u e l  and  o x i d a n t  
g a s  m i x t u r e  t o  t h e  b u r n e r  h ead  whe r e  t h e  f l a m e  i s  
s u s t a i n e d .  The t h e r m a l  e n e r g y  f rom c o m b u s t i o n  i s  u s e d  t o  
d e s o l v a t e  a e r o s o l s ,  m e l t ,  v a p o r i z e ,  decompose  t h e  i n o r g a n i c  
and  o r g a n i c  c o n s t i t u e n t s  i n  s a m p l e  and  f i n a l l y  a t o m i z e  t h e  
a n a l y t e .
V a r i o u s  c o m b i n a t i o n s  o f  f u e l  and  o x i d a n t  a r e  p o s s i b l e  
a s  l i s t e d  i n  T a b l e  1 b u t  i n  p r a c t i c e  o n l y  a few a r e  u s e d .
An a i r / a c e t y 1e n e  f l a m e  i s  e x t e n s i v e l y  u s e d  f o r  mos t  o f  t h e  
m e t a l s ;  h o w e v e r ,  f l a m e  t e m p e r a t u r e  i s  n o t  h i g h  e no ug h  t o  
a t o m i z e  e f f e c t i v e l y  t h e  r e f r a c t o r y  m e t a l s .  A n i t r o u s  o x i d e  
a c e t y l e n e  f l a m e  i n t r o d u c e d  by Amos and  W i l l i s 3# h a s  e n a b l e d  
t h e  r e f r a c t o r y  m e t a l s  t o  be  d e t e r m i n e d .  The o t h e r  
c o m b i n a t i o n  o f  f l a m e s  a r e  n o t  commonly u s e d  due  t o  h i g h  
b u r n i n g  v e l o c i t y ,  low t e m p e r a t u r e  o r  c h e m i c a l  
i n t e r f e r e n c e s .
to '#*iW
1  ■ n - E ' tn e T  *
0 ivtomi2erF ia®e * 
pigufe * c f )
Hot«
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T a b l e  1. P r o p e r t i e s  o f  V a r i o u s  F l a m e s 39
Gas
O x i d a n t
Mi x t u r e
F u e l  Gas
B u r n i n g
V e l o c i t y  ( c m / s )
Max imum 
Temp. °C
A i r N a t u r a l  Gas 55 1840
A i r Hydrogen 440 2045
A i r A c e t y 1ene 160 2300
Ni t r o u s o x i d e  A c e t y l e n e 180 2750
Oxygen Hydrogen 1150 2660
Oxygen A c e t y l e n e 2480 3100
Oxygen Cyanogen 140 4500
A 10 cm l on g  s i n g l e  s l o t  b u r n e r  head  i s  mos t  commonly 
u s e d  w i t h  an  a i r / a c e t y 1e n e  f l a m e .  The b u r n e r  head  i s  made 
f r om t i t a n i u m  t o  p r e v e n t  c o r r o s i o n .  A t h r e e  s l o t  b u r n e r ,  
o t h e r w i s e  named B o l i n g  b u r n e r 4 0 , c a n  be  u s e d  f o r  t h e  h i g h  
s a l t  c o n t a i n i n g  s o l u t i o n .  F o r  t h e  n i t r o u s  o x i d e / a c e t y l e n e  
f l a m e ,  a  n a r r o w  s l o t  w i d t h  and s h o r t  l e n g t h  b u r n e r  h ead  i s  
u s e d  due  t o  i t s  r e l a t i v e l y  h i g h  b u r n i n g  v e l o c i t y .  V a r i o u s  
o t h e r  t y p e s  o f  b u r n e r  h e a d s  have  b e e n  s u g g e s t e d  b u t  r a r e l y  
u s e d . 41
2)  G r a p h i t e  F u r n a c e  A t o m i z e r
The f i r s t  g r a p h i t e  f u r n a c e  t y p e  a t o m i z e r  was d e v e l o p e d  
by L ' v o v  i n  1 9 6 1 . 42 L a t e r  W o o d r i f f  and  Ramelow41 d e s c r i b e d  
a c o n s t a n t  t e m p e r a t u r e  f u r n a c e  d e s i g n  b u t  i t  was t o o
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co mp le x  f o r  r o u t i n e  u s e .  Massmann*4 i n t r o d u c e d  a much 
s i m p l e r  f u r n a c e  i n  1968 ,  and  m o d i f i c a t i o n s  o f  i t  became t h e  
b a s i s  f o r  c o m m e r c i a l  d e v e l o p m e n t  and  p o p u l a r i z a t i o n  o f  t h e  
m e t h o d .
In a modern  g r a p h i t e  f u r n a c e  a t o m i z e r ,  a f u r n a c e  t u b e  
made o f  p y r o l y z e d  g r a p h i t e  i s  r e s i s t i v e l y  h e a t e d  up t o  3000 
"C u s i n g  h i g h  c u r r e n t  and  low v o l t a g e  e l e c t r i c i t y .
T y p i c a l l y ,  5 t o  50 jxL o f  s a m p l e  i s  p l a c e d  i n  t h e  f u r n a c e  
w h ic h  i s  t h e n  h e a t e d  s t e p w i s e  t o  e v a p o r a t e  t h e  s o l v e n t  ( d r y  
s t a g e ) ,  t o  d ecompos e  o r g a n i c  c omp o ne n t  ( c h a r  s t a g e )  and 
f i n a l l y  t o  a t o m i z e  a n a l y t e  m e t a l  ( a t o m i z a t i o n  s t a g e ) .  An 
u n r i v a l l e d  h i g h  s e n s i t i v i t y  i n  p i c o g r a m  l e v e l  i s  r o u t i n e l y  
o b t a i n e d .
However ,  h i g h  b a c k g r o u n d  m o l e c u l a r  a b s o r p t i o n  was a 
s e r i o u s  p r o b l e m  w i t h  t h i s  t y p e  o f  f u r n a c e .  Numerous  
m o d i f i c a t i o n s  and  r e f i n e m e n t s  have  b e e n  s u g g e s t e d  t o  
c o r r e c t  t h e  b a c k g r o u n d  p r o b l e m .  In 1978 ,  L ’ vov s u g g e s t e d  
t h a t  t h e  s a m p l e  be  p l a c e d  on a  s m a l l  g r a p h i t e  p l a t f o r m  
w i t h i n  t h e  f u r n a c e  t u b e . * 3 I t  was f o u n d  t h a t  t h i s  m o d i f i e d  
t h e  " L ’ vov p l a t f o r m "  r e d u c e d  b a c k g r o u n d  a b s o r p t i o n  
s i g n i f i c a n t l y * 4 ; h o w e v e r ,  t h e  b a c k g r o u n d s  were  s t i l l  
n o t i c e a b l e  and  a c c u r a c y  was q u e s t i o n a b l e .
3)  H y d r i d e  G e n e r a t i o n
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Some e l e m e n t s  s u c h  a s  s e l e n i u m ,  a r s e n i c ,  m e r c u r y  and 
t i n  r e a c t  w i t h  h y d r o g e n  t o  f o r m h y d r i d e s  wh i c h  c a n  be 
d e co mp o s e d  t o  t h e  a t o m i c  v a p o r  e a s i l y .  In 1969 H o l a k 47 
i n t r o d u c e d  t h e  h y d r i d e  g e n e r a t i o n  t e c h n i q u e  i n  t h e  
d e t e r m i n a t i o n  o f  a r s e n i c  and a c h i e v e d  much i n c r e a s e d  
s e n s i t i v i t y .  S i n c e  t h e n ,  t h e  h y d r i d e  g e n e r a t i o n  t e c h n i q u e  
became one  o f  s t a n d a r d  t e c h n i q u e  i n  t h e  m e a s u r e m e n t  o f  
h y d r i d e  f o r m i n g  e l e m e n t s .
T y p i c a l l y ,  s od i um t e t r a h y d r o b o r a t e <I I I ) i s  u s e d  a s  a 
r e d u c i n g  a g e n t  t o  fo rm h y d r i d e .  The m e t a l  h y d r i d e  p r o d u c e d  
i s  t r a n s p o r t e d  by a n  i n e r t  g a s  s t r e a m  t o  t h e  a t o m i z e r  c e l l ,  
wh e re  i t  i s  de compos ed  i n t o  a t o m i c  v a p o r .  The a t o m i z e r  c e l l  
i s  u s u a l l y  made o f  a q u a r t z  t u b e  and i s  h e a t e d  e l e c t r i c a l l y  
o r  by u s i n g  a f l a m e .
T h i s  t e c h n i q u e  p r o v i d e s  much e n h a n c e d  s e n s i t i v i t y  w i t h  
h y d r i d e  f o r m i n g  e l e m e n t s . 48 However ,  t h e  t e c h n i q u e  s u f f e r s  
f rom n u m e r o u s  i n t e r f e r e n c e s  i n  g e n e r a t i n g  and  t r a n s p o r t i n g  
t h e  h y d r i d e .  For  e x a m p l e ,  t h e  c o n c e n t r a t i o n  of  h y d r o c h l o r i c  
a c i d  a n d / o r  r e d u c i n g  a g e n t  i n f l u e n c e d  t h e  r a t e  o f  h y d r i d e  
g e n e r a t i o n  wh i ch  i n  t u r n  a l t e r e d  t h e  s i g n a l 4 9 . B e s i d e s ,  t h e  
s a m p l e  e l e m e n t  h a s  t o  be  In  t h e  form t h a t  c a n  be  r e a d i l y  
c o n v e r t e d  t o  t h e  g a s e o u s  h y d r i d e .  T h e s e  f a c t o r s  l i m i t  t h e  
a p p l i c a t i o n  o f  t h e  t e c h n i q u e .
D. B a c k g r o u n d  C o r r e c t i o n  Method
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When o r g a n i c  and  i n o r g a n i c  m o l e c u l e s  a r e  i n t r o d u c e d  
i n t o  t h e  a t o m i z e r ,  d e c o m p o s i t i o n  may n o t  be  c o m p l e t e .  
Undecomposed m o l e c u l a r  f r a g m e n t s  o f t e n  a b s o r b  o v e r  a  wide  
w a v e l e n g t h  r a n g e  i n c l u d i n g  a n a l y t e  r e s o n a n c e  w a v e l e n g t h .
When t h i s  b a c k g r o u n d  a b s o r p t i o n  i s  i n c l u d e d  i n  t h e  
a b s o r p t i o n  by t h e  a n a l y t e  m e t a l  o f  i n t e r e s t ,  b a c k g r o u n d  
c o r r e c t i o n  mus t  be  e mpl oyed  t o  o f f s e t  t h e  e r r o r . • S e v e r a l  
m e t h o d s  f o r  b a c k g r o u n d  c o r r e c t i o n  a r e  d i s c u s s e d  b e l ow .
1) Co n t i n u u m S o u r c e  b a c k g r o u n d  c o r r e c t i o n
The mos t  common and  s i m p l e  b a c k g r o u n d  c o r r e c t i o n  
me t hod  u t i l i z e s  a c o n t i n u u m  s o u r c e .  A c o n t i n u u m  s o u r c e  i s  
u s e d  t o  m e a s u r e  t h e  b r o a d  b a c k g r o u n d ,  w h i l e  an  HCL s o u r c e  
i s  u s e d  t o  m e a s u r e  t h e  t o t a l  a b s o r p t i o n  by a n a l y t e  and  t h e  
b a c k g r o u n d .  S i g n a l  f rom c o n t i n u u m  s o u r c e  i s  s u b s e q u e n t l y  
s u b t r a c t e d  f rom t h e  c ombi ned  a t o m i c  and b a c k g r o u n d  s i g n a l  
m e a s u r e d  by t h e  a n a l y t e  HCL. The n e t  r e s u l t  i s  t h e  s i g n a l  
f rom a n a l y t e  m e t a l  o n l y .
The r a d i a t i o n  f rom HCL and t h e  r a d i a t i o n  f rom 
c o n t i n u u m  s o u r c e  a r e  p a s s e d  a l t e r n a t e l y  t h r o u g h  t h e  
a t o m i z e r  by means  o f  a r o t a t i n g  c h o p p e r  w i t h  a s e c t o r  
m i r r o r .  A f t e r  p a s s i n g  t h e  m o n o c h r o m a t o r ,  b o t h  r a d i a t i o n  
beams f a l l  on t h e  same d e t e c t o r .  The e l e c t r i c a l  m e a s u r i n g  
s y s t e m  s u b t r a c t s  t h e  b a c k g r o u n d  s i g n a l  f rom t o t a l  s i g n a l  t o
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y i e l d  t h e  a n a l y t e  s i g n a l  o n l y .  A d e u t e r i u m  lamp i s  u s e d  
mos t  f r e q u e n t l y  a s  t h e  c o n t i n u u m  s o u r c e .
2 )  S m i t h  H i e f j e  Method
T h i s  me th od  u t i l i z e s  t h e  phenomenon o f  s e l f  a b s o r p t i o n  
o f  r a d i a t i o n .  At  h i g h  c u r r e n t ,  t h e  HCL p r o d u c e s  a b r o a d  and  
i n t e n s e  e m i s s i o n  b a nd ,  b u t  a l s o  a  l a r g e  p o p u l a t i o n  o f  non 
e x c i t e d  a t o m i c  v a p o r .  T h e s e  a t o m s  a b s o r b  t h e  r e s o n a n c e  l i n e  
r a d i a t i o n  p r o d u c e d  f rom t h e  e x c i t e d  a t o m s ,  c a u s i n g  s e l f  
a b s o r p t i o n .  The r e s u l t i n g  s e l f  a b s o r p t i o n  c a u s e s  t h e  
p r o d u c t i o n  o f  a n  e m i s s i o n  band  t h a t  h a s  a  minimum i n t e n s i t y  
i n  i t s  c e n t e r ,  wh i c h  c o r r e s p o n d s  t o  t h e  a b s o r p t i o n  
w a v e l e n g t h ,  and  maximum i n  i t s  s i d e  w i n g s .
U t i l i z i n g  s e l f  a b s o r p t i o n  t h e  HCL i s  o p e r a t e d  a t  low 
c u r r e n t  i n  wh ic h  t o t a l  a b s o r p t i o n  s i g n a l  f rom a n a l y t e  and 
b a c k g r o u n d s  i s  m e a s u r e d ,  and  t h e n  a  h i g h  c u r r e n t  i s  p u l s e d  
t o  t h e  HCL f o r  a few m i l l i s e c o n d s  w i t h  wh i c h  o n l y  b r o a d  
b a c k g r o u n d  a b s o r p t i o n  i s  m e a s u r e d .  The e l e c t r o n i c  s y s t e m  
s u b s e q u e n t l y  s u b t r a c t s  t h e  b a c k g r o u n d  a b s o r p t i o n  f rom t h e  
t o t a l  a b s o r p t i o n  s i g n a l  t o  y i e l d  a n a l y t e  s i g n a l  o n l y .  The 
a d v a n t a g e  o f  t h i s  me thod  i s  i t s  s i m p l i c i t y  w i t h  r e a s o n a b l y  
good b a c k g r o u n d  c o r r e c t i o n .
3)  Zeeman B a c k g r o u n d  C o r r e c t o r
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In t h e  p r e s e n c e  o f  s t r o n g  m a g n e t i c  f i e l d ,  t h e  e n e r g y  
l e v e l s  i n  t h e  a tom t h a t  d e f i n e  t h e  w a v e l e n g t h  o f  t h e  
e m i s s i o n  l i n e  a r e  s p l i t t e d ,  c a u s i n g  s e v e r a l  e m i s s i o n  
( a b s o r p t i o n )  l i n e s  f o r  e a c h  e l e c t r o n i c  t r a n s i t i o n .  
S i m u l t a n e o u s l y  w i t h  t h e  s p l i t t i n g  o f  t h e  e m i s s i o n  l i n e s ,  
t h e  r a d i a t i o n  i s  p o l a r i z e d ,  d e p e n d i n g  on t h e  d i r e c t i o n  of  
t h e  m a g n e t i c  f i e l d .
The Zeeman b a c k g r o u n d  c o r r e c t i o n  t e c h n i q u e  i s  b a s e d  on 
t h e  a t o m i c  l i n e  s p l i t t i n g  and  p l a n e  p o l a r i z a t i o n  u n d e r  t h e  
i n f l u e n c e  o f  m a g n e t i c  f i e l d .  Modern a t o m i c  a b s o r p t i o n  
s p e c t r o m e t e r  p l a c e s  t h e  m a g n e t i c  f i e l d  a r o u n d  t h e  a t o m i z e r  
a nd  p u l s e s  t h e  m a g n e t i c  f i e l d  on and  o f f .  When t h e  m a g n e t i c  
f i e l d  i s  on,  t h e  a b s o r p t i o n  w a v e l e n g t h  o f  t h e  a n a l y t e  i s  
s h i f t e d  s l i g h t l y  away f rom t h e  r e s o n a n c e  l i n e  i n  t h e  
s o u r c e .  The r a d i a t i o n  f rom t h e  s o u r c e  w i l l  n o t  be  a b s o r b e d  
by t h e  a n a l y t e  b u t  by t h e  m o l e c u l a r  b a c k g r o u n d ,  p r o v i d i n g  a  
s i g n a l  f o r  b a c k g r o u n d  o n l y .  The t o t a l  a b s o r p t i o n  s i g n a l  
f rom a n a l y t e  and b a c k g r o u n d  i s  o b t a i n e d  when t h e  ma gne t  i s  
o f f .  S u b s e q u e n t  s u b t r a c t i o n  o f  b a c k g r o u n d  s i g n a l  f rom t o t a l  
s i g n a l  g i v e s  n e t  a b s o r p t i o n  s i g n a l  f rom a n a l y t e .
S i n c e  u s u a l l y  o n l y  a t oms  a r e  a f f e c t e d  by t h e  Zeeman 
e f f e c t  and  n o t  s o l i d  p a r t i c l e s  and  mos t  m o l e c u l e s  which  
c a u s e  n o n s p e c i f i c  a b s o r p t i o n ,  t h e  Zeeman e f f e c t  g i v e s  b e s t  
b a c k g r o u n d  c o r r e c t i o n  me t hod  i n  a t o m i c  a b s o r p t i o n  
s p e c t r o s c o p y .  M o r e o v e r ,  i n  c e r t a i n  s i t u a t i o n s  wh er e  t h e
m e t a l s  h av e  r e s o n a n c e  l i n e s  c l o s e  t o  e a c h  o t h e r ,  t h i s  
Zeeman b a c k g r o u n d  c o r r e c t o r  w i l l  e l i m i n a t e  t h e  p o t e n t i a l  
e r r o r .
E. O t h e r  Componen t s
The m o n o c h r o m a to r  i s  u s e d  t o  i s o l a t e  r a d i a t i o n  of  t h e  
d e s i r e d  w a v e l e n g t h  f rom t h e  r e s t  o f  t h e  r a d i a t i o n .  In t h e  
AAS s y s t e m  t h i s  i s  a c h i e v e d  by a  g r a t i n g .  R a d i a t i o n  f rom 
t h e  s o u r c e  p a s s e s  t h r o u g h  t h e  e n t r a n c e  s l i t  and  i s  f o c u s e d  
o n t o  t h e  g r a t i n g  s u r f a c e  t o  be  d i s p e r s e d .  The d e s i r e d  
w a v e l e n g t h  r a d i a t i o n  among o t h e r s  i s  f o c u s e d  t h r o u g h  t h e  
e x i t  s l i t  o n t o  t h e  d e t e c t o r .
The p h o t o m u l t i p l i e r  t u b e  i s  a l m o s t  e x c l u s i v e l y  u s e d  a 
t h e  d e t e c t o r  i n  AAS t o  c o n v e r t  o p t i c a l  r a d i a t i o n  I n t o  an  
e l e c t r i c a l  s i g n a l  t o  be  a m p l i f i e d .  However ,  t h e  u s e  o f  
p h o t o d i o d e  a r r a y s  may f i n d  I n t e r e s t i n g  a p p l i c a t i o n s ,  
p a r t i c u l a r l y  i n  c o n n e c t i o n  w i t h  m u l t i e l e m e n t  i n s t r u m e n t s . 7
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3.  A t o m i z a t i o n  P r o c e s s e s  i n  F l ame  At o mi c  A b s o r p t i o n  
S p e c t r o s c o p y
In f l a m e  AAS, t h e  s a m p l e  i n  t h e  form of  a s o l u t i o n  i s  
i n t r o d u c e d  t o  t h e  f l a m e  a t o m i z e r  t h r o u g h  a  n e b u l i z e r ,  by 
wh ic h  t h e  s a m p l e  s o l u t i o n  i s  c o n v e r t e d  i n t o  f i n e  d r o p l e t s  
o f  a e r o s o l s .  The a e r o s o l  d r o p l e t s  a r e  s w e p t  by t h e  o x i d a n t  
and  f u e l  g a s  m i x t u r e  t o  t h e  f l a m e  a t o m i z e r .  On e n t e r i n g  t h e  
f l a m e ,  i t  u n d e r g o e s  v a r i o u s  p r o c e s s e s  s u c h  a s  e v a p o r a t i o n  
o f  s o l v e n t  f rom a n a l y t e  ( d e s o l v a t i o n ) ,  d e c o m p o s i t i o n  o f  
m a t r i x  s u c h  a s  o r g a n i c  c o n s t i t u e n t s ,  v o l a t i l i z a t i o n  of  
a n a l y t e  s a l t ,  a t o m i z a t i o n  o f  a n a l y t e ,  and  a b s o r p t i o n  o f  
i n c i d e n t  r a d i a t i o n  by f r e e  a t o m s ,  e t c .  T h e s e  p r o c e s s e s  t h a t  
o c c u r  i n  t h e  f l a m e  a r e  d e s c r i b e d  i n  F i g u r e  A.
Each  o f  t h e s e  s t e p s  i s  h i g h l y  d e p e n d e n t  on a  number  o f  
v a r i a b l e s ,  and  i n t e r r e l a t e d  t o  e a c h  o t h e r .  An u n d e r s t a n d i n g  
o f  t h e s e  p r o c e s s e s  i s  e s s e n t i a l  f o r  t h e  i mp r o v e m e n t  o f  
f l a m e  AAS a s  an  a n a l y t i c a l  t e c h n i q u e  and  i t s  d e v e l o p m e n t  a s  
a  m e t a l  s p e c i f i c  d e t e c t o r  o f  LC.
A. A b s o r p t i o n  o f  R a d i a t i o n  by F r e e  Atoms
F r e e  a t o m s  i n  t h e  g r o u nd  s t a t e  a b s o r b  r a d i a t i o n  e n e r g y  
o f  e x a c t l y  d e f i n e d  w a v e l e n g t h  w i t h  a  c o n c o m i t a n t  t r a n s i t i o n  
i n t o  an  e x c i t e d  s t a t e .  The amount  o f  e n e r g y  a b s o r b e d  p e r  
u n i t  t i m e  and  vo lume  i s  g i v e n  b y :
52
A (E x c ited  Atoms)
E m ission
AO
O xid ation  & 
o th e r  r e a c t io n
A b sorption
I o n iz a t io n
A + X (Atoms)
D ecom p osition ,
F u sion
Flame
AX ( S a l t  p a r t i c l e s )
A
D is s o lv a t io n




N e b u liz a t io n
Sample s o lu t io n
F ig u r e  4. A to m iza t io n  P r o c e s s e s  in  th e  Flame
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wh er e ,
B,ic i s  t h e  E i n s t e i n  p r o b a b i l i t y  c o e f f i c i e n t  o f  
a b s o r p t i o n  f o r  t h e  t r a n s i t i o n  j —^.k,
N i s  number  o f  f r e e  a t o m s ,  
h Vj k i s  r a d i a t i o n  e n e r g y ,
Sw i s  t h e  s p e c t r a l  r a d i a t i o n  i n t e n s i t y  a t  t h e  
r e s o n a n c e  f r e q u e n c y .
The f r a c t i o n  o f  t h e  p h o t o n s  a b s o r b e d  by a t o m s  i n  t h e  
g r o u n d  s t a t e  i s  p r o p o r t i o n a l  t o  t h e  number  o f  f r e e  a t o m s  N 
and  t h e  " e f f e c t i v e n e s s  c r o s s  s e c t i o n "  o f  a t o m s ,  t h e  s o -  
c a l l e d  a b s o r p t i o n  c o e f f i c i e n t  k Jfc. Hence ,  t h e  a b s o r p t i o n  
c o e f f i c i e n t  k , * i s  g i v e n  by :
7C. e 2
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m c
wh e r e ,
e i s  a  c h a r g e  o f  a n  e l e c t r o n ,  
m i s  a  mass  o f  a n  e l e c t r o n ,  
c i s  a  s p e e d  o f  l i g h t  and
f , k  i s  a n  o s c i l l a t o r  s t r e n g t h ,  wh i c h  i s  t h e  a v e r a g e  
number  o f  e l e c t r o n s  p e r  a tom wh i c h  c a n  be e x c i t e d  by
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t h e  i n c i d e n t  r a d i a t i o n  v Jfc.
Then t h e  p r o b a b i l i t y  o f  r a d i a t i o n  a b s o r p t i o n  p e r  u n i t  
vo lume  K , * i s  f o rmed  by c o m b i n i n g  two e q u a t i o n s  (1 )  and  
( 2 ) :
X  e 2
N (3)
m c
S i n c e  f r e q u e n c y  v h a s  a f i n i t e  w i d t h  A v owing t o  t h e  
p r o b a b i l i t y  d i s t r i b u t i o n  o v e r  e a c h  e n e r g y  l e v e l  and  t h e  
H e i s e n b e r g  u n c e r t a i n t y  p r i n c i p l e ,  o v e r a l l  a b s o r p t i o n  o v e r  
Av t h a t  c a n  be  m e a s u r e d  by AAS i n s t r u m e n t  i s  g i v e n  b y :
f  TL e2
A b s o r p t i o n  = V K„ dv = ■ f Jk N (4)
m e
I t  s h o u l d  be  n o t e d  t h a t  t e m p e r a t u r e  T, and  t h e  e n e r g y  of  
t r a n s i t i o n  E a r e  n o t  p a r t  o f  t h e  m a t h e m a t i c a l  r e l a t i o n s h i p  
g o v e r n i n g  t h e  d e g r e e  o f  a b s o r p t i o n .
E x p r e s s e d  s i m p l y ,  t h e  d e g r e e  o f  a b s o r p t i o n  c a n  be  
g i v e n  by a b s o r p t i o n  c o e f f i c i e n t  k , k > wh ic h  i s  a  c o n s t a n t  a t  
a g i v e n  e l e m e n t ,  m u l t i p l i e d  by t o t a l  number  o f  f r e e  a t o m s  N 
i n  t h e  o p t i c a l  p a t h :
T o t a l  a b s o r p t i o n  = k j k x N (5)
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E q u a t i o n  5 e m p h a s i z e s  t h a t  t h e  d e g r e e  o f  a b s o r p t i o n  i s  
d i r e c t l y  p r o p o r t i o n a l  t o  number  o f  f r e e  a to ms  N, r a t h e r  
t h a n  t h e  c o n c e n t r a t i o n  o f  a n a l y t e  C i n  t h e  s a m p l e  s o l u t i o n .  
The number  o f  f r e e  a t oms  i s  t h e n  r e l a t e d  t o  t h e  
c o n c e n t r a t i o n  and  t h e  e f f i c i e n c y  of  g e n e r a t i n g  f r e e  a t o m s ,  
i . e .  a t o m i z a t i o n  e f f i c i e n c y .  The o v e r a l l  a t o m i z a t i o n  
e f f i c i e n c y  i s  i n  g e n e r a l  v e r y  p o o r .  F o r  e x a m p l e ,  i n  1966 
R o b i n s o n  c a l c u l a t e d  t h a t  i f  a  s o l u t i o n  o f  0 . 1  mg/L o f  
c o p p e r  we re  a s p i r a t e d  i n t o  t h e  f l a m e  p e r  s e c o n d ,  t h e  1 0 ‘ 5 
c o p p e r  i o n s  were  i n  t h e  l i g h t  p a t h  b u t  o n l y  1 p e r  10* were  
a t o m i z e d .  T h i s  p o o r  o v e r a l l  a t o m i z a t i o n  e f f i c i e n c y  was 
a t t r i b u t e d  t o  i n c o m p l e t e  n e b u l i z a t i o n  and  t o  i n s u f f i c i e n t  
t h e r m a l  d i s s o c i a t i o n .  A t o m i z a t i o n  e f f i c i e n c y  v a r i e s  
d e p e n d i n g  on t h e  t y p e  o f  a t o m i z e r  s y s t e m .  At  a g i v e n  m e t a l  
c o n c e n t r a t i o n ,  a t o m i z a t i o n  e f f i c i e n c y  c o n t r o l s  t h e  AAS 
s e n s i t i v i t y ;  t h u s ,  h i g h  o v e r a l l  a t o m i z a t i o n  e f f i c i e n c y  w i l l  
r e s u l t  i n  h i g h  AAS s e n s i t i v i t y .  We w i l l  e x a m i n e  t h e  f a c t o r s  
t h a t  c o n t r o l  t h e  a t o m i z a t i o n  e f f i c i e n c y  i n  f l a m e  a t o m i z e r  
t o  u n d e r s t a n d  how we c a n  i mp r o v e  i t .
B. F o r m a t i o n  o f  F r e e  Atoms i n  F l ame  A t o m i z e r
In t h e  f l a m e  AAS, t h e  f o r m a t i o n  o f  f r e e  a t o ms  f rom a 
s o l u t i o n  c a n  be  d e s c r i b e d  by a  r e l a t i o n s h i p  e s t a b l i s h e d  by 
W i n e f o r d n e r  and  V i c k e r s 7 1 :
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ria 9 q F £ j3
No = 3 .  10=* . -------------------  C (6)
nT Q T
w h e r e ,
N0 = number  o f  a t o ms  M p e r  mL i n  t h e  f l a m e  
C c o n c e n t r a t i o n  o f  e l e m e n t  M i n  t h e  s o l u t i o n  i n  
mo 1e / L
n3 i e  and  nT - number  o f  m o l e s  o f  g a s  i n  t h e  f l a m e  a t  
room t e m p e r a t u r e  a nd  f l a m e  t e m p e r a t u r e  T 
F = s a m p l e  f e e d i n g  r a t e
^  = n e b u l i z a t i o n  and  t r a n s p o r t a t i o n  e f f i c i e n c y  
0  = a t o m i z a t i o n  e f f i c i e n c y  
Q = g a s  f l o w  r a t e  
T = f l a m e  t e m p e r a t u r e
Gas f l o w  r a t e  Q i s  r e l a t i v e l y  h i g h  ( t y p i c a l l y  o v e r  200 
c m / s ) .  In p r a c t i c e ,  i t  i s  n e c e s s a r y  t o  m a i n t a i n  g a s  f l o w  a t  
t h e  b u r n e r  s l o t  f a s t e r  t h a n  t h e  b u r n i n g  v e l o c i t y  o f  t h e  
f u e l / o x i d a n t  g a s  m i x t u r e  t o  p r e v e n t  a  f l a s h b a c k .  As a  
r e s u l t ,  t h e  r e s i d e n c e  t i m e  o f  t h e  a t o m s  i n  t h e  l i g h t  p a t h  
i s  v e r y  s h o r t ,  a p p r o x i m a t e l y  1 0 ‘ 3 t o  1 0 - 4  s e c .
An i n c r e a s e  o f  t h e  s a m p l e  f e e d i n g  r a t e  F w i l l  i n c r e a s e  
t h e  number  o f  a t o ms  No; h o w e v e r ,  t h e  i n c r e m e n t  i s  f i x e d  
w i t h i n  r a t h e r  n a r r o w  l i m i t s  by t h e  b u r n e r  d e s i g n  and 
n e b u l i z e r  t y p e .  F o r  e x a m p l e ,  w i t h  a  p n e u m a t i c  n e b u l i z e r  an
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i n c r e a s e  o f  s a m p l e  f e e d i n g  r a t e  i s  o f t e n  o b t a i n e d  by 
i n c r e a s i n g  t h e  ga s  f l o w  r a t e .  T h i s ,  h o we v er ,  d e c r e a s e s  t h e  
n e b u l i z a t i o n  e f f i c i e n c y  and  f l a m e  s t a b i l i t y .  R e s u l t i n g  
s o l v e n t  l o a d i n g  i n c r e m e n t  a l s o  r e d u c e s  t h e  f l a m e  
t e m p e r a t u r e  wh i ch  d e c r e a s e s  t h e  a t o m i z a t i o n  e f f i c i e n c y .
The n e b u l i z a t i o n  e f f i c i e n c y  £  i s  t h e  r a t i o  o f  t h e  
a moun t  o f  a n a l y t e  e n t e r i n g  t h e  f l a m e  t o  t h e  amoun t  
i n t r o d u c e d ,  i . e .  e f f i c i e n c i e s  o f  a e r o s o l  g e n e r a t i o n  and 
t r a n s p o r t a t i o n .  I t  i s  a v e r y  i n e f f i c i e n t  p r o c e s s  and  i s  f a r  
l e s s  t h a n  u n i t y .  For  t h e  c o mm e r c i a l  c o n c e n t r i c  p n e u m a t i c  
n e b u l i z e r  i t  i s  a b o u t  6 -  14%, d e p e n d i n g  on t h e  n e b u l i z e r  
and  s p r a y  c ham b er  d e s i g n .  T h i s  i n d i c a t e s  t h a t  mos t  o f  t h e  
s a m p l e  i s  d r a i n e d  o u t  t o  w a s t e  and  n e v e r  c o n t r i b u t e s  t o  t h e  
s i g n a l 7 2 . The n e b u l i z a t i o n  e f f i c i e n c y  o f  t h e  u l t r a s o n i c  
n e b u l i z e r  i s  n o t  much b e t t e r  t h a n  p n e u m a t i c  n e b u l i z e r  and  
o n l y  a  f r a c t i o n  o f  t h e  e l e m e n t s  p r e s e n t  i n  t h e  s o l u t i o n  i s  
a c t u a l l y  t r a n s p o r t e d  t o  t h e  f l a m e .  B a s i c a l l y ,  t h e  
i m p r o v e m e n t  o f  n e b u l i z a t i o n  e f f i c i e n c y  w i l l  r e s u l t  i n  an 
i n c r e a s e  i n  t h e  number  o f  a t o ms  i n  t h e  f l a m e .
A t o m i z a t i o n  e f f i c i e n c y ^ ,  i n  t h e  n a r r o w  d e f i n i t i o n ,  i s  
t h e  f r a c t i o n  o f  a n a l y t e  a t o m i z e d  a f t e r  t h e  a n a l y t e  e n t e r s  
t h e  f l a m e .  I t  i s  d i f f e r e n t  f rom t h e  o v e r a l l  a t o m i z a t i o n  
e f f i c i e n c y  w h i c h  i n d i c a t e s  t h e  e f f i c i e n c y  f rom s a m p l e  
i n t r o d u c t i o n  t o  a t o m i z a t i o n .  S t u d i e s  have  shown t h a t  o n l y  
d r o p l e t s  s m a l l e r  t h a n  c e r t a i n  s i z e  i . e .  10 /4m c an  be
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e f f e c t i v e l y  a t o m i z e d  w i t h i n  t h e  s h o r t  r e s i d e n c e  t i m e  i n  t h e  
l i g h t  p a t h ,  and d r o p l e t s  l a r g e r  t h a n  10 ymm p a s s  t h r o u g h  t h e  
f l a m e  w i t h o u t  b e i n g  a t o m i z e d .  T hus ,  t h e  a t o m i z a t i o n  
e f f i c i e n c y  i s  p a r t i a l l y  r e g u l a t e d  by t h e  d r o p l e t  s i z e  o f  
a e r o s o 1.
The a t o m i z a t i o n  e f f i c i e n c y ^  h a s  r e l a t i o n s h i p s  n o t  
o n l y  t o  a e r o s o l  s i z e s  b u t  a l s o  f l a m e  t e m p e r a t u r e  T. Even 
t h o u g h  i t  i s  n o t  w e l l  d e f i n e d ,  h i g h  t e m p e r a t u r e  f l a m e s  i n  
g e n e r a l  y i e l d  h i g h  a t o m i z a t i o n  e f f i c i e n c y  At  h i g h  
t e m p e r a t u r e s  t h e  m e t a l  compound c a n  be  decomposed  r e a d i l y  
t o  f r e e  a t o m s ,  i n c r e a s i n g  t h e  a t o m i z a t i o n  e f f i c i e n c y .  T h i s ,  
o f  c o u r s e ,  i s  a c c o m p a n i e d  by o t h e r  p r o c e s s e s  i . e .  
i o n i z a t i o n  and  o x i d a t i o n ,  w h i c h  r e d u c e  t h e  number  o f  f r e e  
a t o m s .  T h i s  e n t i r e  p r o c e s s  i s  v e r y  d y n a mi c  and i s  d e p e n d e n t  
on t h e  m e t a l  i t s e l f .
T h e r e  a r e  l i m i t a t i o n s  f o r  t h e  h i g h  t e m p e r a t u r e  f l a m e s  
due  t o  b u r n i n g  v e l o c i t y  a n d / o r  h i g h  f l a m e  b a c k g r o u n d  
e m i s s i o n  o r  a b s o r p t i o n .  Only a  few t y p e s  o f  f l a m e s  i . e .  
a i r / a c e t y l e n e  f l a m e  and  n i t r o u s  o x i d e / a c e t y l e n e  f l a m e  a r e  
u s e d  i n  p r a c t i c e .  The f l a m e  t e m p e r a t u r e  and  a t o m i z a t i o n  
e f f i c i e n c y  by i t  a r e  l i m i t e d ,  a c c o r d i n g l y .
In o r d e r  t o  i mp r o v e  t h e  f l a m e  AAS s e n s i t i v i t y ,  i t  i s  
n e c e s s a r y  t o  i mp r o v e  t h e  t r a n s p o r t a t i o n  e f f i c i e n c y ,  a nd  t h e  
a t o m i z a t i o n  e f f i c i e n c y  by g e n e r a t i n g  s m a l l  d r o p l e t  s i z e s  o f
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a e r o s o l  among o t h e r  f a c t o r s .  T h e s e  two c r i t i c a l  f a c t o r s  a r e  
i n  g e n e r a l  c o n t r o l l e d  by t h e  t y p e  o f  n e b u l i z e r  ( s a m p l e  
i n t r o d u c t i o n  s y s t e m )  and  s p r a y  chamber  d e s i g n .  We w i l l  
e x a m i n e  t h e  n e b u l i z a t i o n  p r o c e s s  and t h e  p e r f o r m a n c e  of  
c o m m e r c i a l  n e b u l i z e r s  f o r  f l a m e  AAS.
C. N e b u l i z e r s  u s e d  i n  F l ame  AAS
The p r i m a r y  f u n c t i o n  o f  t h e  n e b u l i z e r  i s  t o  g e n e r a t e  
t h e  f i n e  a e r o s o l s  s u i t a b l e  f o r  i n t r o d u c t i o n  t o  a t o m i z e r .
(1 )  P n e u m a t i c  C o n c e n t r i c  N e b u l i z e r
The p n e u m a t i c  n e b u l i z e r  i s  by f a r  t h e  mos t  w i d e l y  u s e d  
s a m p l e  i n t r o d u c t i o n  d e v i c e  i n  f l a m e  AAS.
The main  r e q u i r e m e n t s  f o r  a  p n e u m a t i c  n e b u l i z e r  a r e  a 
h i g h  v e l o c i t y  g a s  s t r e a m ,  a  r e a s o n a b l e  p r e s s u r e  d r o p  a t  t h e  
l i q u i d  i n j e c t i o n  c a p i l l a r y  t o  I n d u c e  a  v e n t u r i  e f f e c t ,  
maximum i n t e r a c t i o n  b e t w e e n  t h e  ga s  and  l i q u i d  s t r e a m s  f o r  
f i n e  a e r o s o l  p r o d u c t i o n ,  and  f r e e d o m  f rom b l o c k a g e  
r e s u l t i n g  f rom e i t h e r  p a r t i c l e s  s u s p e n d e d  i n  t h e  s o l u t i o n  
o r  f r om s a l t  b u i l d u p  a t  t h e  n e b u l i z e r  t i p .
The p r e c i s e  p r o c e s s e s  by wh i ch  p n e u m a t i c  n e b u l i z e r s  
o p e r a t e  a r e  n o t  w e l l  u n d e r s t o o d .  However ,  t h e  p r o c e s s  can  
be  d e s c r i b e d  s i m p l y  a s  f o l l o w s :  The l i q u i d  e m e r g i n g  f rom 
t h e  s u c t i o n  c a p i l l a r y  i s  s h r e d d e d  i n t o  l i q u i d  d r o p l e t s  by 
t h e  b l a s t  o f  g a s  s t r e a m .  T h r o u g h  t h e  p n e u m a t i c  e n e r g y  o r  by
s t r i k i n g  an  i m p a c t  s u r f a c e ,  t h e s e  d r o p l e t s  a r e  s h a t t e r e d  
f u r t h e r  i n t o  s m a l l e r  d r o p l e t s .
The n e b u l i z a t i o n  e f f i c i e n c y ,  £  , f o r  a t y p i c a l  P e r k i n
E l mer  AAS c o n c e n t r i c  p n e u m a t i c  n e b u l i z e r  was m e a s u r e d  t o  be 
6 . 6 1 0 . 3  %7 3 . The n e b u l i z a t i o n  e f f i c i e n c y  a t  d i f f e r e n t  
a u x i l i a r y  g a s  f l o w  r a t e s  a nd  w i t h  e i t h e r  t h e  p a d d l e  o r  
i m p a c t  b ead  y i e l d e d  v a l u e s  f rom 3 . 3 1 0 . 2  * t o  1 4 . 4 ± 0 . 7  * a s  
shown i n  T a b l e  2 . 73
T a b l e  2 .  E f f e c t  o f  A u x i l i a r y  Gas Flow on N e b u l i z a t i o n  
Ef  f i c i  e n c y
A u x i 1i a r y  
F l ow,  L / mi n
N e b u l i z a t i o n  E f f i c i e n c y (%)
W i t h o u t P a d d l e Bead
0.  0 6 . 4  t  0 .  3 3 . 3  1  0 . 2 1 0 . 2  + 0.  S
4 . 2 8 . 5  ±  0.  4 4 . 6  4 0 . 3 1 2 . 9  ± 0.  7
8 . 8 9 . 8  1 0.  5 4 . 4  4 0 . 2 1 4 . 4  + 0 . 7
The p r i n c i p l e  l i m i t a t i o n s  o f  t h e  c o n c e n t r i c  p n e u m a t i c  
n e b u l i z e r  a r e  t h a t  i t  p r o d u c e s  a e r o s o l s  o f  a  wi de  r a n g e  of  
d r o p l e t  s i z e s  and  h a s  p o o r  n e b u l i z a t i o n  e f f i c i e n c y .
To o v e r c om e  t h e s e  l i m i t a t i o n s ,  v a r i o u s  t y p e s  o f  
p n e u m a t i c  n e b u l i z e r s ,  i n c l u d i n g  t h e  c r o s s f l o w  n e b u l i z e r 7 4 , 
t h e  MAK n e b u l i z e r 7 3 , t h e  B a r b i n g t o n  n e b u l i z e r 7*,  and  t h e  
g l a s s  f r i t  n e b u l i z e r 77 were  d e v e l o p e d  and u s e d  s u c c e s s f u l l y  
t o  some e x t e n t .  However ,  t h e s e  were  n o t  w i t h o u t  d r a w b a c k s .
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They o f t e n  s u f f e r e d  f rom low s o l v e n t  l o a d i n g  c a p a c i t y  and 
t h e r e b y  f rom p o or  s e n s i t i v i t y ,  e a s y  b l o c k a g e  by s a l t ;  t h u s ,  
t h e y  were  r a r e l y  u s e d  i n  t h e  a t o m i c  a b s o r p t i o n  s p e c t r o m e t e r  
b u t  h a ve  b e e n  u s e d  w i t h  I CP o c c a s i o n a l l y .
( 2 )  U l t r a s o n i c  N e b u l i z e r
The a e r o s o l  g e n e r a t i o n  u s i n g  a n  u l t r a s o n i c  t e c h n i q u e  
was f i r s t  r e p o r t e d  by Word and  L o o m i s . 78 The u l t r a s o n i c  
n e b u l i z e r  was s u g g e s t e d  a s  a p o s s i b l e  r e p l a c e m e n t  o f  
p n e u m a t i c  n e b u l i z e r  f o r  a t o m i c  s p e c t r o s c o p y . 79
The me cha n i s m o f  d r o p l e t  p r o d u c t i o n  by a n  u l t r a s o n i c  
n e b u l i z e r  i s  n o t  w e l l  u n d e r s t o o d  and  o n l y  a p p r o x i m a t e  
t h e o r e t i c a l  r e l a t i o n s h i p s  a r e  known.  Q u a l i t a t i v e l y ,  i n  t h e  
u l t r a s o n i c  n e b u l i z e r ,  l i q u i d  s u r f a c e  i n s t a b i l i t y  i s  
g e n e r a t e d  by  f o c u s e d  o r  u n f o c u s e d  u l t r a s o n i c  waves .  Wi th 
s u f f i c i e n t  a m p l i t u d e  of  t h e  u l t r a s o n i c  wa ves ,  t h e  wave 
c r e s t s  i n  t h e  l i q u i d  s u r f a c e  c o l l a p s e  and  s m a l l  d r o p s  b r e a k  
o f f  f rom t h e  t i p s  t o  form a c l o u d  o f  a e r o s o l .
The u l t r a s o n i c  wave i s  c r e a t e d  by a  p i e z o e l e c t r i c  
t r a n s d u c e r .  At  low f r e q u e n c i e s  ( < 5 0  kHz) ,  c a v i t a t i o n  i s  
t h e  main  mode f o r  g e n e r a t i n g  a e r o s o l s .  Wi th  t h e  c a v i t a t i o n  
f o r m a t i o n  m e ch an i sm,  u l t r a s o n i c  f r e q u e n c y  c o n t r o l s  t h e  mean 
d r o p l e t  s i z e .  At  h i g h  f r e q u e n c i e s  ( t y p i c a 11y >, 1 MHz), 
g e y s t e r  f o r m a t i o n  i s  t h e  ma in  mode.  Wi th  t h e  g e y s t e r  
f o r m a t i o n  mech a n i sm,  power  d e n s i t y  i n  t h e  l i q u i d  s u r f a c e ,
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r a t h e r  t h a n  t h e  o p e r a t i n g  f r e q u e n c y ,  becomes  o f  m a jo r  
i m p o r t a n c e .
U l t r a s o n i c  n e b u l i z a t i o n  t e c h n i q u e s  have  many 
a d v a n t a g e s  i n  a e r o s o l  g e n e r a t i o n  o v e r  p n e u m a t i c  n e b u l i z e r s .  
The d r o p l e t  s i z e s  p r o d u c e d  a r e  more u n i f o r m  t h a n  f rom 
p n e u m a t i c  n e b u l i z e r s .  The a e r o s o l  p r o d u c t i o n  r a t e  i s  
c o n t r o l l e d  by t h e  power  i n p u t  and  i s  i n d e p e n d e n t  o f  t h e  
c a r r i e r  ga s  f l o w .
The d i s a d v a n t a g e  o f  t h e  u l t r a s o n i c  n e b u l i z e r  i s  t h a t  
t h e  mean d r o p l e t  s i z e  i s  r e l a t i v e l y  l a r g e  f o r  d i r e c t  
i n t r o d u c t i o n  t o  t h e  a t o m i z e r .  T h u s ,  a n  e x t r a  d e s o l v a t i o n  
d e v i c e  i s  e s s e n t i a l  t o  make t h e  d r o p l e t s  s m a l l e r . 80 T h i s  
may c a u s e  a c r o s s  c o n t a m i n a t i o n .
D. T h e r m o s p r a y  N e b u l i z e r
The phenomenon  o f  t h e r m o s p r a y  h as  b e e n  known s i n c e  t h e  
l a t e  1 6 t h  c e n t u r y . 81 However ,  i t  h a s  n o t  b e e n  s t u d i e d  a s  a 
s c i e n t i f i c  t o o l  u n t i l  B l a k e l y  and  V e s t a l 82 e x p l o r e d  i t  a s  
a n  i n t e r f a c i n g  d e v i c e  f o r  LC/MS. The t h e r m o s p r a y  has  become 
a s t a n d a r d  t y p e  o f  i n t e r f a c i n g  d e v i c e  i n  LC/MS.82 03 Even 
t h o u g h  t h e r m o s p r a y  h a s  b e e n  e x t e n s i v e l y  u s e d  f o r  LC/MS 
s y s t e m  i t  h a s  s e l d o m  b e e n  u s e d  f o r  o t h e r  p u r p o s e s .
R e c e n t l y ,  a few p a p e r s  h a v e  b e e n  p u b l i s h e d  on t h e  s u b j e c t  
o f  u s i n g  t h e r m o s p r a y e r  a s  a  s a m p l e  i n t r o d u c t i o n  d e v i c e  f o r
“I
I CP . 84 83
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The t h e r m o s p r a y  i s  o b t a i n e d  by f o r c i n g  a  l i q u i d  
t h r o u g h  h e a t e d  c a p i l l a r y  t u b i n g .  The h e a t i n g  c a n  be  c a r r i e d  
o u t  by e i t h e r  i n d i r e c t  h e a t i n g  o r  d i r e c t  e l e c t r i c a l  h e a t i n g  
o f  c a p i l l a r y  t u b i n g .  The t h e r m o s p r a y  c o n v e r t s  t h e  s t r e a m  of  
l i q u i d  i n t o  a  j e t  o f  v a p o r ,  c o n t a i n i n g  a  f i n e  m i s t  o f  
a e r o s o l s .
The mechan i sm o f  p r o d u c i n g  a e r o s o l s  by t h e  t h e r m o s p r a y  
i s  n o t  w e l l  u n d e r s t o o d .  V e s t a l 86 s u g g e s t e d  t h a t  
q u a l i t a t i v e l y  t h e  a e r o s o l  i s  f o r m e d  by a  p r o c e s s  o f  
s h a t t e r i n g  t h e  b u l k  l i q u i d  by h i g h  v e l o c i t y  b low of  s o l v e n t  
v a p o r .  V e s t a l  d e p i c t e d  t h e  p r o c e s s  q u a l i t a t i v e l y  a s  shown 
i n  F i g u r e  5.  As t h e  l i q u i d  p a s s e s  a l o n g  t h e  t h e r m o s p r a y ,  
t h e  t e m p e r a t u r e  o f  l i q u i d  i s  e l e v a t e d .  B e c a u s e  h e a t i n g  o f  
l i q u i d  i s  by c o n d u c t i o n  f rom t h e  c a p i l l a r y  t u b i n g ,  t h e  
t e m p e r a t u r e  o f  l i q u i d  i s  h i g h e r  n e a r  t h e  t u b i n g  w a l l  and  
d e c r e a s e s  t o w a r d s  t h e  c e n t e r .
As t h e  l i q u i d  p r o g r e s s e s ,  i t  b e g i n s  t o  v a p o r i z e  f rom 
t h e  i n n e r  w a l l  and  t h e  u n v a p o r i z e d  l i q u i d  p o r t i o n  i s  
c o n c e n t r a t e d  t o w a r d s  t h e  c e n t e r .  I t  i s  a s s u me d  t h a t  n o n ­
v o l a t i l e  a n a l y t e  r e m a i n  i n  l i q u i d  p h a s e  r a t h e r  t h a n  i n  t h e  
v a p o r  p h a s e .  As t h e  t e m p e r a t u r e  on t h e  t h e r m o s p r a y  
i n c r e a s e s  f u r t h e r ,  a  l a r g e r  f r a c t i o n  o f  t h e  l i q u i d  i s  
v a p o r i z e d ,  r e s u l t i n g  i n  a  d e c r e a s e  o f  t h e  d i a m e t e r  o f  t h e  
l i q u i d  s t r e a m  n e a r  t h e  c e n t e r .  B e c a u s e  o f  e x p a n s i o n  d u r i n g  
v a p o r i z a t i o n ,  t h e  p r e s s u r e  i n s i d e  t h e  t h e r m o s p r a y  i s
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0. 7 mL/ mi n.  
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F ig u r e  5 .  V a p o r iz a t io n  P r o c e s s  which o c c u r s  in the  
Thermospray (From Ref.  64)
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i n c r e a s e d .  The p r e s s u r i z e d  v a p o r  a c c e l e r a t e s  c ompar ed  t o  
t h e  l i q u i d  a t  t h e  c e n t e r  o f  t u b i n g .  As more l i q u i d  i s  
c o n v e r t e d  t o  v a p o r ,  t h e  v e l o c i t y  and  vo lume  o f  t h e  v a p o r  
a r e  i n c r e a s e d .  The c o n d i t i o n  becomes  l i k e  t h e  c o n c e n t r i c  
p n e u m a t i c  n e b u l i z e r .  In t h e  c o n c e n t r i c  p n e u m a t i c  n e b u l i z e r  
f a s t  moving  b l a s t s  o f  t h e  ga s  s t r e a m  s h a t t e r  t h e  l i q u i d  
i n t o  a e r o s o l s ,  w h i l e  i n  t h e  t h e r m o s p r a y  a j e t ' o f  l i q u i d  
v a p o r  p r o d u c e d  by t h e r m a l  e n e r g y  s h a t t e r s  t h e  l i q u i d  i n t o  
an  a e r o s o 1.
On e m e r g i n g  f rom t h e  t h e r m o s p r a y ,  t h e  v a p o r  and  l i q u i d  
m i x t u r e  e x p e r i e n c e s  a  s u d d e n  p r e s s u r e  d r o p  and  e x p a n d s  
r a p i d l y .  T h i s  c a u s e s  f u r t h e r  s u r f a c e  i n s t a b i l i t y  o f  t h e  
l i q u i d ,  mak i ng  i t  e a s y  t o  s h a t t e r  t h e  l i q u i d  i n t o  f i n e  
a e r o s o l s .  B e c a u s e  t h e  f o r m a t i o n  o f  t h e  a e r o s o l  i s  
p r e d o m i n a n t l y  by n e b u l i z a t i o n ,  t h e  t h e r m o s p r a y  i s  named a s  
t h e r m o s p r a y  n e b u l i z e r  i n  t h i s  r e p o r t .
The t h e r m o s p r a y  n e b u l i z e r  p o s s e s s e s  many d e s i r a b l e  
c h a r a c t e r i s t i c s  a s  a  s a m p l e  i n t r o d u c t i o n  d e v i c e  t o  a t o m i c  
a b s o r p t i o n  s p e c t r o m e t r y .  The t h e r m o s p r a y  a e r o s o l  a p p e a r s  
d e n s e  w i t h  a  m o d e r a t e l y  n a r r o w  p a r t i c l e  s i z e  d i s t r i b u t i o n .
The h e a t e d  d r o p l e t s  r a p i d l y  d e s o l v a t e  by t h e m s e l v e s ,  
c o n c e n t r a t i n g  t h e  l e s s  v o l a t i l e  a n a l y t e s  i n t o  a e r o s o l s .  The 
s e l f  d e s o l v a t i o n  makes  t h e  d r o p l e t s  s m a l l e r  d u r i n g  t h e  
t r a n s p o r t a t i o n .  T h i s  c o u l d  e l i m i n a t e  t h e  p r o b l e m s  r e l a t e d  
t o  t h e  d e s o l v a t i o n  p r o c e s s  i n  t h e  f l a m e .  The h e a t i n g
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p r o c e s s  c a n  be p r e c i s e l y  c o n t r o l l e d  and o p t i m i z e d  f o r  
d i f f e r e n t  s o l v e n t s  a t  any  l i q u i d  f l o w  r a t e s .  F u e l  and 
o x i d a n t  g a s  f l o w  c an  be o p t i m i z e d  f o r  t h e  f l a m e  w i t h o u t  
a f f e c t i n g  a e r o s o l  g e n e r a t i o n .  T h e s e  and o t h e r ,  f a c t o r s  have 
s u g g e s t e d  t h e  t h e r m o s p r a y  a s  an  a t t r a c t i v e  s a m p l e  
i n t r o d u c t i o n  d e v i c e .
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4.  EXPERIMENTAL
A. E q u i p m en t
1) At omi c  A b s o r p t i o n  S p e c t r o m e t e r :  P e r k i n  E l mer  Atomic  
A b s o r p t i o n  S p e c t r o m e t e r  model  306 a n d / o r  model  370A 
e q u i p p e d  w i t h  d e u t e r i u m  b a c k g r o u n d  c o r r e c t o r .  A 10 cm 
s i n g l e  s l o t  b u r n e r  h ead  (model  3 0 3 - 0 4 1 8 )  was u s e d  f o r  
n o r ma l  o p e r a t i o n  and 10 cm t h r e e  s l o t  b u r n e r  head  
(model  3 0 3 - 0 4 0 1 )  was u s e d  f o r  h i g h  s a l t  c o n t a i n i n g  
s o l u t i o n  t o  p r e v e n t  c l o g g i n g  of  b u r n e r  s l o t s .  S p r a y  
chamber  (model  0 0 4 0 - 0 1 4 4 )  was m o d i f i e d  t o  f i t  a 
t h e r m o s p r a y  n e b u l i z e r .
2)  R a d i a t i o n  S o u r c e :  D e m o u n t a b l e  h o l l o w  c a t h o d e  lamp 
b u i l t  i n  t h e  l a b  was u s e d  f o r  Ag, Cd and  Cr .  P e r k i n  
E l mer  h o l l o w  c a t h o d e  lamps were  u s e d  f o r  t h e  Ca,  Cu, 
Fe ,  Mg, Mn, Ni ,  Pb and  Zn.
3)  S o l v e n t  D e l i v e r y  S y s t e m :  P e r k i n  E l mer  High  P e r f o r m a n c e  
L i q u i d  C h r o m a t o g r a p h y  s o l v e n t  d e l i v e r y  s y s t e m  model 
S e r i e s  2 e q u i p p e d  w i t h  two s i n u s o i d a l  d u a l  p i s t o n  
pump.
4)  Sample  I n j e c t o r :  Rheodyne  7125 s a m p l e  i n j e c t o r  w i t h  
100 ^AL s a m p l e  l oo p  o r  W a t e r s  U6K i n j e c t o r  w i t h  2 mL 
s a m p l e  l o o p .  To o b t a i n  a c o n t i n u o u s  and  s t e a d y  s i g n a l ,  
a  W a t e r s  U6K i n j e c t o r  was u s e d ;  i f  n o t  s p e c i f i e d ,  a  
Rheodyne  7125 i n j e c t o r  was u s e d .
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5)  UV/VIS d e t e c t o r :  P e r k i n  E l mer  v a r i a b l e  w a v e l e n g t h
UV/VIS d e t e c t o r  (190  -  800 nm) model  LC-75 w i t h  8 >UL 
o f  f l o w  c e 11.
5)  R e c o r d e r :  The o u t p u t s  f rom UV/VIS d e t e c t o r  and  Flame 
AAS were  r e c o r d e d  on a  S a r g e n t  Welch XKR c h a r t
r e c o r d e r  and  L i n e a r  I n s t r u m e n t  c h a r t  r e c o r d e r .
7) L a s e r  L i g h t  S o u r c e :  S p e c t r a  P h y s i c s  model  155 He-Ne 
l a s e r  w i t h  0 . 0 6  mU power  and 6 3 2 . 8  nm w a v e l e n g t h .
The s a m p l e  and  t h e  m o b i l e  p h a s e  we r e  t r a n s p o r t e d  f rom
t h e  i n j e c t o r  t o  t h e  t h e r m o s p r a y  n e b u l i z e r  t h r o u g h  a  0 . 1 5  mm
i . d .  s t a i n l e s s  s t e e l  c a p i l l a r y  t u b i n g .
B. R e a g e n t s  and C h e m i c a l s
S t o c k  s o l u t i o n s ,  1000 ppm, o f  t h e  e l e m e n t s  s t u d i e d  
we re  p r e p a r e d  a c c o r d i n g  t o  t h e  p r o c e d u r e s  o f  P e r k i n  
E l m e r . * 7 D i s t i l l e d  d e i o n i z e d  w a t e r  was u s e d  u n l e s s  
s p e c i f i e d .  A l l  t h e  c h e m i c a l s  u s e d  were  a n a l y t i c a l  g r a d e  and 
a l l  t h e  s o l v e n t s  were  HPLC g r a d e .
A i r - a c e t y 1ene  f l a m e  was u s e d  t h r o u g h o u t  t h i s  e n t i r e  
s t u d y .
C. C o n s t r u c t i o n  o f  T h e r m o s p r a y  N e b u l i z e r
" F i r e r o d "  h e a t i n g  c a r t r i d g e s  were  o b t a i n e d  f rom Watlow 
( S t .  L o u i s ,  Mo . ) .  The h e a t e r  was 4 . 0  cm i n  l e n g t h  and 2 . 5
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cm i n  d i a m e t e r  w i t h  100 w a t t  power  a t  115 V. I t  had a
h o l l o w  t u b e  of  0 . 5 5  cm i . d .  t h r o u g h  t h e  a x i s  o f  t h e  h e a t e r .
The e x t r u d e d  a x i a l  t u b e  was c u t  o u t  f rom t h e  h e a t e r .  A 
0 . 1 5  mm i . d .  x 30 cm s t a i n l e s s  s t e e l  c a p i l l a r y  t u b i n g  was 
p l a c e d  t h r o u g h  t h e  a x i a l  t u b e  of  t h e  h e a t e r  and  s i l v e r  
s o l d e r e d  f o r  good t h e r m a l  c o n t a c t .  A 0 . 5  cm o f  t h e  
c a p i l l a r y  t u b i n g  was e x t r u d e d  f rom t h e  h e a t e r  t o  a d j u s t  t h e  
d i r e c t i o n  o f  e m e r g i n g  v a p o r .  The d i a g r a m  o f  t h e  t h e r m o s p r a y
n e b u l i z e r  u s e d  i n  t h i s  s t u d y  i s  shown i n  F i g u r e  6.
The power  t o  t h e  h e a t e r  was c o n t r o l l e d  by a d j u s t i n g  
t h e  a p p l i e d  v o l t a g e  w i t h  a  v a r i a b l e  t r a n s f o r m e r .  The 
v o l t a g e  and  c u r r e n t  were  m o n i t o r e d  t o  o b t a i n  power  
c o n s u m p t i o n .
D. C o n s t r u c t i o n  o f  T h e r m o s p r a y  N e b u l i z e r  I n t e r f a c e
A s c h e m a t i c  d i a g r a m  o f  t h e  t h e r m o s p r a y  n e b u l i z e r  
i n t e r f a c e  i s  shown i n  F i g u r e  7,
The f l a s h b a c k  s a f e t y  d i a p h r a g m  was r emoved f rom t h e  
b u r n e r  chamber  and t h e  t h e r m o s p r a y  n e b u l i z e r  was i n s e r t e d  
and  p l a c e d  s e c u r e l y  u s i n g  h i g h  t e m p e r a t u r e  q u a r t z  c eme n t  
( o b t a i n e d  f rom Therma l  A me r i ca n  F u s e d  Q u a r t z  C o . ,  N . J . ) .  
I n i t i a l l y ,  a  T e f l o n  h o l d e r  was t e s t e d  t o  h o l d  i t  s e c u r e l y  
b u t  i t  was u n s a t i s f a c t o r y  due  t o  i t s  r e l a t i v e l y  low 
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F i g u r e  7.  Thermospray  N e b u l i z e r  (TN) I n t e r f a c i n g  w i t h  
P e r k i n - E l m e r  Flame Bur ne r ,
TN was p l a c e d  below b u r n e r  head f o r  d i r e c t  
sample  I n t r o d u c t i o n ,  Th i s  d e s i g n  e n s u r e d  t h e  
maximum a n a l y t e  d e l i v e r y  and minimum memory 
e f f e c t .
The a n g l e  o f  t h e  e x t r u d i n g  n o z z l e  o f  t h e  t h e r m o s p r a y  
n e b u l i z e r  was a d j u s t e d  m a n u a l l y  t o  f o c u s  t h e  v a p o r  t o  t h e  
c e n t e r  o f  t h e  b u r n e r  h e a d .  In t h i s  way,  t h e  c o n t a c t  b e t w e e n  
t h e  v a p o r  and t h e  b u r n e r  chamber  w a l 1 was m i n i m i z e d  and 
maximum amount  of  a n a l y t e  was t r a n s p o r t e d  t o  t h e  a t o m i z e r .
The h e a t  f rom t h e  t h e r m o s p r a y  n e b u l i z e r  was c o n d u c t e d  
t o  t h e  b u r n e r  chamber  s o  t h a t  no e x t r a  h e a t i n g  was n e e d e d  
t o  p r e v e n t  v a p o r  c o n d e n s a t i o n .
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5 .  E v a l u a t i o n  o f  T h e r m o s p r a y  N e b u l i z e r
The j e t  o f  v a p o r / a e r o s o l  m i x t u r e  f rom t h e  t h e r m o s p r a y  
n e b u l i z e r  (TN) was f o c u s e d  m a n u a l l y  o n t o  t h e  c e n t e r  o f  t h e  
a t o m i z e r  s l o t  by a d j u s t i n g  t h e  a n g l e  o f  t h e  t h e r m o s p r a y  
n e b u l i z e r  n o z z l e .  T h i s  e n s u r e d  t h e  maximum d e l i v e r y  o f  
a n a l y t e  t o  t h e  a t o m i z e r  and  t h e  maximum AA s i g n a l .  F i n e  
a d j u s t m e n t  was made u n t i l  t h e  maximum AA s i g n a l  was 
o b t a i n e d .
The e f f e c t s  o f  e n e r g y  i n p u t  t o  t h e  t h e r m o s p r a y  
n e b u l i z e r ,  t h e  c h a r a c t e r  o f  a e r o s o l s  and  v a p o r ,  s a m p l e  f l o w  
r a t e ,  s o l v e n t  e f f e c t s  and  o t h e r  v a r i a b l e s  on t h e  f l a m e  AA 
s i g n a l  we re  s t u d i e d  s y s t e m a t i c a l l y .
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A. E f f e c t  o f  E n e r g y  I n p u t  t o  T h e r m o s p r a y  N e b u l i z e r  on t h e  
AA s i g n a l
I t  h a s  b e e n  o b s e r v e d  t h a t  t h e  t e m p e r a t u r e  o f  t h e  
t h e r m o s p r a y  c o n t r o l l e d  t h e  d e g r e e  of  v a p o r i z a t i o n  and t h e i r  
p h y s i c a l  p r o p e r t i e s  and  t h e s e  i n f l u e n c e d  t h e  s i g n a l  
i n t e n s i t y  i n  LC/MS s y s t e m . 83 A s i m i l a r  r e l a t i o n s h i p  was 
o b s e r v e d  w i t h  t h e r m o s p r a y  ICP.®4
In f l a m e  AAS, t h e  a e r o s o l  p r o p e r t i e s  s u c h  a s  a e r o s o l  
s i z e  a nd  s i z e  d i s t r i b u t i o n  s i g n i f i c a n t l y  a f f e c t  t h e  o v e r a l l  
s e n s i t i v i t y  a s  we d i s c u s s e d  e a r l i e r .  The r e l a t i o n s h i p  
b e t w e e n  t h e  e n e r g y  i n p u t  on t h e  t h e r m o s p r a y  n e b u l i z e r  and 
t h e  f l a m e  AA s i g n a l  was s t u d i e d  t o  d e t e r m i n e  t h e  opt imum 
o p e r a t i n g  c o n d i t i o n .
1) E x p e r i m e n t a l  P r o c e d u r e
F o r  a g i v e n  s o l v e n t  a t  a  g i v e n  f l o w  r a t e ,  t h e  e n e r g y  
i n p u t  t o  t h e  t h e r m o s p r a y  n e b u l i z e r  d i r e c t l y  c o n t r o l l e d  i t s  
t i p  t e m p e r a t u r e .  T h i s  i n  t u r n  c o n t r o l l e d  t h e  d e g r e e  of  
v a p o r i z a t i o n  o f  t h e  s o l v e n t .  The e f f e c t  o f  t h e  e n e r g y  i n p u t
i n  w a t t s  was s t u d i e d  t o  d e t e r m i n e  t h e  opt imum o p e r a t i n g  
e n e r g y  i n p u t .
The p r o p e r t i e s  o f  a e r o s o l  we re  o b s e r v e d  d i r e c t l y  a f t e r  
r e m o v i n g  t h e  b u r n e r  h ead  f r om t h e  b u r n e r  chamber  a s s e m b l y .  
T h i s  i s  shown i n  F i g u r e  8 .  The power  t o  t h e  t h e r m o s p r a y  
n e b u l i z e r  was i n c r e a s e d  s t e p w i s e  u n t i l  a n  a e r o s o l  was
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g e n e r a t e d .  A l a s e r  beam was s h o n e  a b o ve  t h e  t h e r m o s p r a y  
n e b u l i z e r  t i p  and  s c a t t e r e d  l i g h t  was o b s e r v e d  v i s u a l l y .
L a r g e  d r o p l e t s  s c a t t e r e d  t h e  l a s e r  beam s t r o n g l y .  Co mp l e t e  
e v a p o r a t i o n  o f  s o l v e n t  f rom t h e  a e r o s o l  l e f t  o n l y  t h e  
r e s i d u e s  t o  s c a t t e r  t h e  l a s e r  beam w e a k l y .  In t h i s  way t h e  
p r o p e r t i e s  o f  a e r o s o 1/ v a p o r  m i x t u r e  and  i t s  t r a c k  were  
o b s e r v e d .
The b u r n e r  h ead  was p l a c e d  b ack  t o  i t s  p o s i t i o n  f o r  
no rma l  AA o p e r a t i o n .  The e n e r g y  t o  t h e  t h e r m o s p r a y  
n e b u l i z e r  was i n c r e a s e d  s t e p w i s e  and  t h e  AA s i g n a l  was 
r e c o r d e d  a t  e a c h  e n e r g y  i n p u t  v a l u e .
2) R e s u l t s  and  D i s c u s s i o n s
( a )  O b s e r v a t i o n  on A e r o s o l  G e n e r a t i o n  P a t t e r n
The h y p o t h e t i c a l  p r o c e s s  o f  a e r o s o l  g e n e r a t i o n  by 
t h e r m o s p r a y  n e b u l i z e r  i s  d e s c r i b e d  i n  F i g u r e  9.
i )  S t e p  1:  The t e m p e r a t u r e  and  e m e r g i n g  v e l o c i t y  o f  
l i q u i d  i n c r e a s e d  w i t h  an  i n c r e a s e d  e n e r g y  i n p u t .  When t h e  
e n e r g y  a p p l i e d  t o  t h e  t h e r m o s p r a y  n e b u l i z e r  was n o t  
s u f f i c i e n t ,  a  s t r e a m  o f  warm l i q u i d  e mer g ed  w i t h o u t  b e i n g  
n e b u l i z e d  t o  f o r m a n  a e r o s o l .
i i )  S t e p  2 :  When t h e  e n e r g y  i n p u t  e x c e e d e d  a  c r i t i c a l  
v a l u e ,  t h e  t h e r m o s p r a y  n e b u l i z e r  b e g a n  t o  g e n e r a t e  t h e  
a e r o s o l s .  At 1 . 0  mL/min o f  w a t e r  f l o w ,  t h e  t h e r m o s p r a y
sca ttered








^ s o lv e n t  in
F i g u r e  8.  Aerosol  I s  o b s e r v e d  by s c a t t e r e d  l i g h t  from
t h e  l a s e r  beam. A l a r g e r  a e r o s o l  s c a t t e r e d  t he  
beam s t r o n g l y .
S tep  l i  Energy in p u t i s  n o t  enough to  gen erate  
an a e r o s o l
S tep  2 i A ero so l b eg in s to  gen era te  but n o t e f f e c t i v e l y .  
D ro p le t s i z e  i s  la r g e
S tep  3 i A ero so l i s  gen erated  more e f f i c i e n t l y .  D rop let  
undergoes d e s o lv a t io n  upon em erging.
S tep  A ero so l i s  gen erated  very  e f f i c i e n t l y .  D rop let  
undergoes d e s o lv a t io n .
R esidue
S tep  5* V a p o r iza tio n  i s  com pleted in s id e  and su perheated  
vapor i s  em erging. R esidue rem ained in s id e  o f  
tu b in g .
F i g u r e  9 .  H y p o t h e t i c a l  A e r o s o l  G e n e r a t i o n  P r o c e s s  o c c u r e d  
i n  T h e r m o s p r a y  N e b u l i z e r .
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n e b u l i z e r  b e g a n  t o  g e n e r a t e  a e r o s o l  a t  30 w a t t  o f  e n e r g y  
i n p u t .
I t  was a s s ume d  t h a t  a t  t h i s  p o i n t  a s u f f i c i e n t  
f r a c t i o n  o f  l i q u i d  was v a p o r i z e d  and t h e  v a p o r  had e nough  
i n t e r a c t i o n  w i t h  t h e  c e n t r a l  l i q u i d  s t r e a m  t o  g e n e r a t e  an 
a e r o s o l .  The s o l v e n t  v a p o r  f o r med  s h a t t e r e d  t h e  l i q u i d  i n  
t h e  c e n t e r  o f  t h e  c a p i l l a r y  t u b i n g  i n t o  d r o p l e t s . 04 04 The 
p r o c e s s  h a s  some s i m i l a r i t y  w i t h  t h e  p n e u m a t i c  c o n c e n t r i c  
n e b u 1i z e r .
However ,  t h e  s o l v e n t  v a p o r  ga s  d i d  n o t  have  enough  
f o r c e  i . e .  e no u gh  v e l o c i t y ,  e nough  vo lume ,  and  enough  
p r e s s u r e  d r o p  t o  s h a t t e r  t h e  l i q u i d  e f f e c t i v e l y ;  t h u s ,  t h e  
d r o p l e t s  p r o d u c e d  we re  v e r y  c o a r s e  c o n s i s t i n g  p r i m a r i l y . o f  
l a r g e  d r o p l e t s  t h a t  s c a t t e r e d  a l a s e r  beam s t r o n g l y .  The se  
l a r g e  d r o p l e t s ,  l a c k i n g  s e l f  p r o p e l l i n g  power ,  we re  c a r r i e d  
i n e f f i c i e n t l y  t o  t h e  f l a m e  a t o m i z e r .
i i i )  S t e p  3 :  As t h e  e n e r g y  i n p u t  i n c r e a s e d ,  an  
i n c r e a s i n g  f r a c t i o n  o f  l i q u i d  was v a p o r i z e d .  T h i s  s q u e e z e d  
t h e  r e m a i n i n g  l i q u i d  t o  t h e  c e n t e r  o f  t h e  t u b i n g  and  made 
t h e  d i a m e t e r  o f  l i q u i d  s t r e a m  s m a l l e r .  V a p o r i z a t i o n  o f  a 
g r e a t e r  f r a c t i o n  of  l i q u i d  r e s u l t e d  i n  a  l a r g e r  amount  of  
v a p o r ,  a h i g h e r  v a p o r  v e l o c i t y ,  a  l a r g e r  p r e s s u r e  d r o p  and 
n a r r o w e r  l i q u i d  s t r e a m ,  e a c h  o f  wh i ch  c o n t r i b u t e d  t o  
g e n e r a t e  a e r o s o l s  more e f f e c t i v e l y .  The d r o p l e t  s i z e  o f  t h e  
a e r o s o l  was d e c r e a s e d  a nd  became more u n i f o r m .  B e c a u s e  t h e
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e m e r g i n g  j e t  c o n t a i n e d  a  h i g h  r a t i o  o f  v a p o r  t o  a e r o s o l ,  i t  
became l e s s  v i s i b l e  and  s c a t t e r e d  a l a s e r  beam l e s s .
i v )  S t e p  4i  Be t ween  100 w a t t  and  130 w a t t  i t  a p p e a r e d  
t h a t  c h a n g e s  i n  t h e  e n e r g y  i n p u t  d i d  n o t  i n f l u e n c e  t h e  
p r i m a r y  d r o p l e t  s i z e  s i g n i f i c a n t l y .  I t  was a s s u me d  t h a t  a t  
a r o u n d  100 w a t t ,  t h e  j e t  o f  v a p o r  had a maximum I n t e r a c t i o n  
w i t h  t h e  l i q u i d  a nd  g e n e r a t e d  t h e  f i n e s t  p r i m a r y  a e r o s o l s  
t h a t  c a n  be  p r o d u c e d  by p n e u m a t i c  a c t i o n .  The e x c e s s  e n e r g y  
was t h e n  u s e d  t o  v a p o r i z e  a  f u r t h e r  i n c r e a s e d  f r a c t i o n  of  
l i q u i d  b u t  w i t h o u t  a f f e c t i n g  t h e  a e r o s o l  s i z e .  The 
t e m p e r a t u r e  of  t h e  v a p o r / a e r o s o l  m i x t u r e  i n c r e a s e d .  Hence ,  
t h e  non v o l a t i l e  a n a l y t e  r e m a i n e d  and c o n c e n t r a t e d  
p r e f e r e n t i a l l y  i n  t h e  a e r o s o l s .
Upon e m e r g i n g  f rom t h e  t h e r m o s p r a y  n e b u l i z e r ,  t h i s  
m i x t u r e  u n d e r w e n t  a s e c o n d a r y  a e r o s o l  m o d i f i c a t i o n  p r o c e s s .  
F i r s t ,  t h e  a e r o s o l s  s a t u r a t e d  w i t h  v a p o r  u n d e r  h i g h  
p r e s s u r e  e x p e r i e n c e d  a  s u d d e n  p r e s s u r e  d r o p ,  c r e a t i n g  
i n s t a b i l i t y  o f  t h e  a e r o s o l s .  S e c on d ,  t h e  h o t  a e r o s o l  
e v a p o r a t e d  r a p i d l y  t o  s m a l l  d r o p l e t s  and  d r i e d  t o  a n a l y t e  
r e s i d u e s  d u r i n g  t h e  t r a n s p o r t a t i o n .  The h e a t  c o n d u c t e d  f rom 
t h e  b u r n e r  chamber  h e l p e d  f u r t h e r  t h e  d e s o l v a t i o n .  T h e s e  
e f f e c t s  r e s u l t e d  i n  a  m o d i f i c a t i o n  of  t h e  p r i m a r y  a e r o s o l s  
i n t o  s m a l l e r  s i z e  o f  d r o p l e t s  o r  a n a l y t e  r e s i d u e .  B e c a u s e  
o f  t h i s  s e l f  d e s o l v a t i o n ,  t h e  a e r o s o l s  a p p e a r e d  t o  be  
d r i e d .
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v) S t e p  5 :  At  e n e r g y  i n p u t s  g r e a t e r  t h a n  130 w a t t ,  t h e  
v a p o r i z a t i o n  p r o c e s s  was c o m p l e t e d  i n s i d e  t h e  t h e r m o s p r a y  
n e b u l i z e r .  T h i s  r e s u l t e d  i n  d e p o s i t i o n  of  r e s i d u e  i n s i d e  
t h e  c a p i l l a r y  t u b i n g .  As a  r e s u l t ,  t h e  s u p e r h e a t e d  j e t  of  
v a p o r  c o n t a i n i n g  l i t t l e  a n a l y t e  e m e r g ed .  T h i s  e x p l a i n s  why 
no s c a t t e r i n g  o f  l a s e r  beam was o b s e r v e d .
(b)  AA s i g n a l
The AA s i g n a l  b e g a n  t o  a p p e a r  o n l y  a t  l e v e l s  g r e a t e r  
t h a n  a c e r t a i n  c r i t i c a l  l e v e l .  T h i s  e n e r g y  i n p u t  l e v e l  was 
somewhat  h i g h e r  t h a n  t h e  e n e r g y  i n p u t  r e q u i r e d  f o r  t h e  
a e r o s o l  g e n e r a t i o n .  The c o a r s e  a e r o s o l  p r o d u c e d  a t  t h e  low 
e n e r g y  v a l u e s  was n o t  e f f e c t i v e l y  d e l i v e r e d  t o  t h e  a t o m i z e r  
and t h e  s a m p l e  d i d  n o t  u n d e r g o  a t o m i z a t i o n .  An AA s i g n a l  
was n o t  o b s e r v e d  u n t i l  a s u f f i c i e n t  f r a c t i o n  o f  f i n e  
a e r o s o l  was t r a n s p o r t e d  t o  t h e  a t o m i z e r .  Wi th  t h e  i n c r e a s e d  
e n e r g y  i n p u t  t o  t h e  t h e r m o s p r a y  n e b u l i z e r ,  t h e  s i g n a l  
i n c r e a s e d  p a r a b o l i c a l l y  and  l e v e l l e d  o f f  a t  a  h i g h  e n e r g y  
i n p u t .
F i g u r e s  10 and  11 d e p i c t  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  
AA s i g n a l  t o  t h e  e n e r g y  i n p u t  a p p l i e d  t o  t h e  t h e r m o s p r a y  
n e b u l i z e r  a t  1 . 0  and  1 . 5  mL/min,  r e s p e c t i v e l y .
At  1 . 0  mL/min f l o w  o f  w a t e r ,  t h e  AA s i g n a l  a p p e a r e d  a t  
l e v e l s  g r e a t e r  t h a n  45 w a t t .  T h i s  minimum e n e r g y  i n p u t  
v a r i e d  d e p e n d i n g  on t h e  s o l v e n t  c o m p o s i t i o n  b e c a u s e  h e a t
E f f e c t  of  Power of Thermos pray  N e b u l i z e r  
t o  AA S i g n a l .  S i g n a l s  were  o b t a i n e d  from 
5 . 0  ppm ICuJ a t  f l ow r a t e  1 . 0  mL/mln.  
Note  r a p i d  d ro p  o f f  a t  h i g h  power
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t o  AA S i g n a l .  S i g n a l s  were  o b t a i n e d  f rom 
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Note  r a p i d  d r o p  o f f  a t  h i g h  power
and I n d e pe nd en c e  of  s i g n a l  h e i g h t s  t o  s o l v e n t s .
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c a r r i e d  away d e p e n d e d  n o t  o n l y  on t h e  s o l v e n t  f l o w  r a t e  b u t  
a l s o  on o t h e r  s o l v e n t  p r o p e r t i e s  s u c h  a s  b o i l i n g  p o i n t ,  
s p e c i f i c  h e a t ,  e t c .
The AA s i g n a l  i n c r e a s e d  s t e a d l y  a s  t h e  i n p u t  i n c r e a s e d  
t o  a b o u t  100 w a t t s .  Beyond t h i s  l e v e l  t h e  AA s i g n a l  was 
r e l a t i v e l y  c o n s t a n t  u p t o  130 w a t t s .
At  e n e r g y  l e v e l s  g r e a t e r  t h a n  130 w a t t s ,  t h e  s i g n a l  
r a p i d l y  d r o p p e d  down t o  n e a r l y  z e r o .  F o r  no rma l  o p e r a t i o n ,  
t h e  t h e r m o s p r a y  n e b u l i z e r  was s e t  a t  t h e  m i d d l e  o f  t h e  
e n e r g y  p l a t e a u  (115  w a t t s ) .  T h i s  m i n i m i z e d  t h e  p o s s i b l e  
s i g n a l  v a r i a t i o n  f rom m i no r  f l u c t u a t i o n s  i n  e n e r g y .
( c )  AA S i g n a l  S t a b i l i t y
The AA s i g n a l  s t a b i l i t y  i s  a f f e c t e d  by t h e  d r o p l e t s  
s i z e  d i s t r i b u t i o n ,  b e c a u s e  t h i s  c o n t r o l s  t h e  k i n e t i c s  of  
a t o m i z a t i o n .  Un i f o r m and  s m a l l  a e r o s o l  d r o p l e t s  p r o d u c e  a 
s t a b l e  s i g n a l  w i t h  h i g h  s i g n a l  t o  n o i s e  r a t i o .
The AA s i g n a l  o b t a i n e d  u s i n g  a  t h e r m o s p r a y  n e b u l i z e r  
was c ompar ed  w i t h  t h e  s i g n a l  o b t a i n e d  u s i n g  a p n e u m a t i c  
n e b u l i z e r .  R e s u l t s  a r e  shown i n  F i g u r e  12.  The t h e r m o s p r a y  
n e b u l i z e r  showed a n  i m p r o ved  s i g n a l  s t a b i l i t y  i n  g e n e r a l .
T h i s  i m p r o v ed  s i g n a l  s t a b i l i t y  was c o n s i d e r e d  t o  be  due  t o  
t h e  u n i f o r m  and  s m a l l  d r o p l e t  s i z e  o f  t h e  a e r o s o l s  p r o d u c e d  
by t h e  t h e r m o s p r a y  n e b u l i z e r .
8k
A: 0 . 5  ppm Cu S i g n a l  u s i n g  P e r k i n  E l mer  N e b u l i z e r  
B: 4 . 0  ppm Cu S i g n a l  u s i n g  T h e r m o s p r a y  N e b u l i z e r
1  •
0 . 0 1  A
F i g u r e  12 .  C o m p a r i s o n  o f  Raw AA S i g n a l s .
N o t e  a n  i m p r o v e d  s i g n a l  s t a b i l i t y  w i t h  
t h e r m o s p r a y  n e b u l i z e r .
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F i g u r e  13 shows c a l i b r a t i o n  p e a k s  o b t a i n e d  u s i n g  a 
t h e r m o s p r a y  n e b u l i z e r .  P r e c i s i o n  o b t a i n e d  u s i n g  c o n s e q u e n t  
m e a s u r e m e n t  o f  t h e s e  d a t a  i n d i c a t e d  USD of  l e s s  t h a n  2 %.
Pump R e q u i r e m e n t s
I t  was n o t e d  t h a t  t h e r m o s p r a y  n e b u l i z e r  s i g n a l  was 
v e r y  s e n s i t i v e  t o  pump p u l s e .  I t  was n e c e s s a r y  t o  u s e  a  
p u l s e l e s s  pump and a p u l s e  d a mpene r  t o  r emove  t h e  p u l s a t i o n  
p r o b l e m .  In p r a c t i c e ,  a  d u a l  p i s t o n  pump was p r e f e r r e d  t o  a 
s i n g l e  p i s t o n  pump f o r  t h e r m o s p r a y  n e b u l i z e r  o p e r a t i o n .
( d )  Optimum O p e r a t i n g  C o n d i t i o n
*
In g e n e r a l ,  t h e  maximum a b s o r p t i o n  s i g n a l  was 
o b s e r v e d  when t h e  t h e r m o s p r a y  n e b u l i z e r  was s e t  j u s t  a 
l i t t l e  l ower  t h a n  t h e  e n e r g y  l e v e l  t o  p r o d u c e  s u p e r h e a t e d  
v a p o r  c o n d i t i o n .  However ,  i t  was o b s e r v e d  t h a t  i n  s t e p  4 i n  
F i g u r e  10 t h e  a b s o r p t i o n  s i g n a l  was n o t  a f f e c t e d  
s i g n i f i c a n t l y  by t h e  m i n o r  c h a n g e s  i n  e n e r g y  i n p u t .  
M a i n t a i n i n g  t h e  o p e r a t i n g  c o n d i t i o n  o f  t h e  t h e r m o s p r a y  
n e b u l i z e r  i n  t h e  m i d d l e  o f  t h i s  r a n g e  n o t  o n l y  y i e l d e d  h i g h  
s e n s i t i v i t y  b u t  a l s o  m i n i m i z e d  t h e  p o s s i b l e  s i g n a l  
v a r i a t i o n  due  t o  t e m p e r a t u r e  f l u c t u a t i o n  f rom power  l i n e  
f l u c t u a t i o n ,  f l o w  r a t e  f l u c t u a t i o n  and  l i q u i d  c o m p o s i t i o n  
v a r i a t i o n .
86




F i g u r e  13.  AA S i g n a l s  o f  C o p p e r  S o l u t i o n  f o r  C a l i b r a t i o n .
S i g n a l s  we r e  o b t a i n e d  w i t h  100 JUL I n j e c t i o n  a t  
1 . 5  mL/min s o l v e n t  f l o w  r a t e .
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N o n e t h e l e s s ,  t h e  e n e r g y  i n p u t  s h o u l d  be  a d j u s t e d  when 
a  d i f f e r e n t  f l o w  r a t e  a n d / o r  d i f f e r e n t  s o l v e n t  a r e  u s e d .
For  p r e c i s e  c o n t r o l ,  a f a s t  f e e d b a c k  s y s t e m  t o  m a i n t a i n  t h e  
opt imum e n e r g y  would  be  n e c e s s a r y .  For  o u r  s y s t e m ,  however ,  
i t  was n o t  a b s o l u t e l y  n e c e s s a r y  and f i n a n c i a l l y  n o t  
f e a s i b l e .
3)  Summary
The t h e r m o s p r a y  n e b u l i z e r  a c t e d  a s  a n e b u l i z e r  p l u s  
p r e l i m i n a r y  d e s o l v a t i o n  a p p a r a t u s  t o  f l a m e  AAS. The AA 
s i g n a l  v a r i e d  d e p e n d i n g  on t h e  e n e r g y  i n p u t  t o  t h e  
t h e r m o s p r a y  n e b u l i z e r .  Wi th  t h e  e n e r g y  s e t  i n  t h e  m i d d l e  of  
t h e  p l a t  a r e a  t h e  s i g n a l  f l u c t u a t i o n  was m i n i m i z e d .  The 
p r e c i s i o n  o f  t h e  AA s i g n a l s  o b t a i n e d  u s i n g  a  f l a m e  a t o m i z e r '  
f i t t e d  w i t h  a  t h e r m o s p r a y  n e b u l i z e r  was l e s s  t h a n  2 % RSD.
B. S t u d i e s  o f  t h e  S u p e r h e a t e d  Vapor
When t h e  e n e r g y  a p p l i e d  t o  t h e  t h e r m o s p r a y  n e b u l i z e r  
e x c e e d e d  t h e  e n e r g y  r e q u i r e d  f o r  s o l v e n t  v a p o r i z a t i o n ,  
v a p o r i z a t i o n  c o m p l e t e d  i n s i d e  o f  t h e  t h e r m o s p r a y  n e b u l i z e r  
C o n s e q u e n t l y ,  a  s u p e r h e a t e d  j e t  o f  v a p o r  c o n t a i n i n g  no 
a e r o s o l s  e m e r g e d .  At t h i s  c o n d i t i o n ,  i t  was s u g g e s t e d  t h a t  
n o n - v o l a t i i e  a n a l y t e  d e p o s i t e d  i n s i d e  t h e  w a l l s  o f  
c a p i l l a r y  t u b i n g  and  a n  e m e r g i n g  s u p e r h e a t e d  v a p o r  
c o n t a i n e d  l i t t l e  a n a l y t e . 83 The AA s i g n a l  became z e r o  a t  
t h i s  c o n d i t i o n .
To s t u d y  why t h e r e  was no AA s i g n a l  u n d e r  a n  e n e r g y  
i n p u t  p r o d u c i n g  s u p e r h e a t e d  v a p o r ,  t h e  amount  o f  a n a l y t e  i 
s u p e r h e a t e d  v a p o r  was m e a s u r e d .
i )  E x p e r i m e n t a l  P r o c e d u r e
The t h e r m o s p r a y  n e b u l i z e r  was s e p a r a t e d  f r om t h e  
b u r n e r  a s s e m b l y  t o  t e s t  f o r  t h e  p r e s e n c e  o f  m e t a l  i n  
s u p e r h e a t e d  v a p o r .
The power  i n p u t  t o  t h e  t h e r m o s p r a y  n e b u l i z e r  was s e t  
a t  140 w a t t  and  s o l v e n t  f l o w  r a t e  was s e t  a t  0 . 6  mL/min t o  
e n s u r e  t h a t  a l l  t h e  s o l v e n t  was c o n v e r t e d  t o  s u p e r h e a t e d  
v a p o r .  T h i s  was c o n s i d e r e d  t o  be  t h e  s u p e r h e a t e d  v a p o r  
c o n d i t i o n  (SVC).  A f t e r  t h e  t h e r m o s p r a y  n e b u l i z e r  was 
e q u i l i b r a t e d  u n d e r  c o n d i t i o n s  t o  p r o d u c e  s u p e r h e a t e d  v a p o r  
2 mL o f  t e s t  s o l u t i o n  was i n j e c t e d  and  a l l o w e d  t o  p a s s
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t h r o u g h  t h e  t h e r m o s p r a y  n e b u l i z e r .  S i m u l t a n e o u s l y ,  t h e  
t h e r m o s p r a y  n e b u l i z e r  was p l a c e d  i n t o  a  500 mL s u c t i o n  
f l a s k  which  was s u bm er g ed  i n  -an i c e  b a t h  t o  c o n d e n s e  t h e  
v a p o r .  The t o p  o f  f l a s k  was s e a l e d  w i t h  a lumi num f o i l  w h i l e  
t h e  s i d e  s u c t i o n  o p e n i n g  was open  f o r  v e n t i l a t i o n .  The 
s u p e r h e a t e d  v a p o r  was t r a p p e d  f o r  5 m i n u t e s  by c o o l i n g .
A f t e r  5 m i n u t e s ,  power  was t u r n e d  o f f  and  t h e  t h e r m o s p r a y  
n e b u l i z e r  was i m m e d i a t e l y  t r a n s f e r r e d  t o  a n o t h e r  s u c t i o n  
f l a s k  t o  c o l d  t r a p  t h e  v a p o r  and  a e r o s o l  m i x t u r e  f o r  a 
f u r t h e r  5 m i n u t e s .  The amount  o f  a n a l y t e  i n  e a c h  c o n d e n s e d  
s o l u t i o n  was t h e n  m e a s u r e d .
The t h e r m o s p r a y  n e b u l i z e r  was p l a c e d  back  t o  t h e  
p o s i t i o n  i n  t h e  f l a m e  AA b u r n e r  chamber  a s  b e f o r e .  The 
e n e r g y  o f  t h e  t h e r m o s p r a y  n e b u l i z e r  was s e t  a t  140 w a t t  and 
t h e  s o l v e n t  f l o w  r a t e  was s e t  a t  0 . 6  mL/min a g a i n ,  i . e .  a t  
SVC. A f t e r  t h e  t h e r m o s p r a y  n e b u l i z e r  was e q u i l i b r a t e d  a t  
t h i s  s u p e r h e a t e d  v a p o r  c o n d i t i o n ,  1 . 0  mL o f  s a m p l e  s o l u t i o n  
was i n j e c t e d .  A f t e r  t h r e e  m i n u t e s ,  t h e  f l o w  r a t e  was 
i n c r e a s e d  t o  1 . 8  mL/min a b r u p t l y  t o  e l i m i n a t e  t h e  
s u p e r h e a t e d  v a p o r  c o n d i t i o n  and  wash o u t  t h e  d e p o s i t e d  
a n a l y t e .  The AA s i g n a l  was c o n t i n u o u s l y  r e c o r d e d  on c h a r t  
p a p e r .
2 )  R e s u l t s  and  D i s c u s s i o n s
( a )  S t u d i e s  o f  t h e  A n a l y t e s  i n  S u p e r h e a t e d  Vapor
The volume o f  t h e  c o n d e n s e d  s o l u t i o n  c o n f i r m e d  t h e  
c o m p l e t e  r e c o v e r y  o f  t h e  v a p o r  by t h e  c o l d  t r a p  u s i n g  
s u c t i o n  f I  a s k .
The s u p e r h e a t e d  v a p o r  c o n t a i n e d  v i r t u a l l y  no m e t a l s  a s  
shown i n  T a b l e  3.  T h i s  c l e a r l y  e x p l a i n e d  t h e  r e a s o n  f o r  no 
a n a l y t e  AA s i g n a l  when t h e  t h e r m o s p r a y  n e b u l i z e r  was 
o p e r a t e d  a t  s u p e r h e a t e d  v a p o r  c o n d i t i o n .
T a b l e  3.  Amount  o f  a n a l y t e  i n  s u p e r h e a t e d  v a p o r  and i n  
t h e r m o s p r a y  n e b u l i z e r  t u b i n g .  n=3
T a t a  1 
Meta  1
Amount o f  
I n j e c t e d
Amount o f  Meta l  i n  
S u p e r h e a t e d  Vapor
Amount o f  Meta l  
l e f t  i n  T u b i n g
2.  0 JU g Mg 0 . 0 2  jug (1*) 2.  0 >»g C100*)
10 /kg Cu 0 . 2 0  /Ag C2*> 9.  7 jkg C 97%)
10 /Ug Ca 0 . 2 0  JAg (.2%) 9.  9 /Ag (99%)
100 Mg  Ca 3 . 0  >Ug (3%) 95 jj. g (95%)
When t h e  t h e r m o s p r a y  n e b u l i z e r  was n o t  o p e r a t e d  u n d e r  
s u p e r h e a t e d  v a p o r  c o n d i t i o n ,  a l m o s t  a l l  t h e  m e t a l  t h a t  was 
t r a p p e d  was e l u t e d  f rom t h e  t h e r m o s p r a y  n e b u l i z e r  a s  shown 
i n  T a b l e  3.  The m e t a l  t r a p p i n g  e f f i c i e n c y  was h i g h e r  t h a n  
97 % i n  t h e  a b s e n c e  o f  h i g h  s a l t  c o n t e n t .
F i g u r e  14 i n d i c a t e s  t h a t  no AA s i g n a l  was o b s e r v e d  
when t h e r m o s p r a y  n e b u l i z e r  was o p e r a t e d  a t  a  s u p e r h e a t e d  
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F i g u r e  14. AA S i g n a l s  a t  S u p e r h e a t e d  Vapor C o n d i t i o n  (SVC) 
At SVC, no AA S i g n a l  was o b s e r v e d .  When SVC was 
removed,  a h i gh  s i g n a l  was o b s e r v e d .
A: S i g n a l  a t  SVC
B: S i g n a l  from 1 . 0  mL of  0 . 5  ppm (Cu3 a f t e r  SVC 
C: S i g n a l  from 1 . 0  mL of  0 . 5  ppm CCal a f t e r  SVC
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when t h e  s o l v e n t  f l o w  r a t e  was i n c r e a s e d  f rom 0 . 6  t o  1 . 8  
mL/min.  The a n a l y t e  a c c u m u l a t e d  d u r i n g  t h e  s u p e r h e a t e d  
v a p o r  c o n d i t i o n  was p r e s u m a b l y  r e d i s s o l v e d  i n t o  t h e  
s u b s e q u e n t . a e r o s o 1 r a p i d l y .  The w a s h i n g  a e r o s o l  s a t u r a t e d  
w i t h  a n a l y t e s  was t h e n  d e l i v e r e d  t o  t h e  a t o m i z e r  t o  g i v e  
r i s e  t o  a  l a r g e  s i g n a l .
In t h e  s i m p l e  e x p l a n a t i o n ,  i t  a p p e a r s  t h a t  d e p o s i t i o n  
o f  t h e  n o n - v o l a t i l e  a n a l y t e  a p p e a r e d  t o  be an e v a p o r a t i o n  
phenomenon,  i . e .  a  n o n - v o l a t i l e  s a l t  r e m a i n e d  
p r e f e r e n t i a l l y  i n  s o l u t i o n  p h a s e  and f i n a l l y  d r i e d  on t h e  
s o l i d  s u r f a c e  o f  t h e  i n n e r  w a l l  of  t h e  c a p i l l a r y  t u b i n g .
The r e s u l t s  of  c o m p l e t e  a n a l y t e  r e c o v e r y  i n d i c a t e d  t h a t  i t  
was a r e v e r s i b l e  p h y s i c a l  p r o c e s s  In  wh i ch  t h e  d e p o s i t e d  
a n a l y t e  c o u l d  be  r e d i s s o l v e d  and  i n j e c t e d  i n t o  t h e  f l a m e .
To e n s u r e  t h e  c o m p l e t e  r e d i s s o l u t i o n  o f  d e p o s i t e d  a n a l y t e ,  
a  weak a c i d  < i . O  mM HC1) was u s e d  a s  a s o l v e n t .
(b )  O n - L i n e  Met a l  P r e c o n c e n t r a t i o n  Mode
The a b i l i t y  o f  t h e  t h e r m o s p r a y  n e b u l i z e r  t o  t r a p  t h e  
n o n - v o l a t i l e  m e t a l  u n d e r  s u p e r h e a t e d  v a p o r  c o n d i t i o n s  
r a i s e d  t h e  p o s s i b i l i t y  o f  u s i n g  t h i s  p r o p e r t y  a s  an  o n - l i n e  
m e t a l  p r e c o n c e n t r a t i o n  s t e p  f o r  f l a m e  AAS. T h i s  may be  u s ed  
t o  e n h a n c e  s e n s i t i v i t y  c o n s i d e r a b l y .
T h e r m o s p r a y  P r e c o n c e n t r a t i o n  Mode A f i x e d  volume o f  
s a m p l e  was i n j e c t e d  i n t o  t h e  t h e r m o s p r a y  n e b u l i z e r  a t  t h e
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s u p e r h e a t e d  v a p o r  c o n d i t i o n .  The s a m p l e  p a s s e d  t h r o u g h  t h e  
t h e r m o s p r a y  n e b u l i z e r  c o m p l e t e l y  and  t h e  a n a l y t e  d e p o s i t e d  
i n s i d e  t h e  n e b u l i z e r  t u b i n g  w a l l .  A f t e r  a l l  t h e  s a m p l e  had 
p a s s e d  t h r o u g h  t h e  s y s t e m ,  t h e  s o l v e n t  f l o w  r a t e  was 
i n c r e a s e d  f rom 0 . 6  mL/min t o  1 . 8  mL/min s u d d e n l y  t o  
e l i m i n a t e  t h e  s u p e r h e a t e d  v a p o r  c o n d i t i o n .  The d e p o s i t e d  
a n a l y t e  was r e d i s s o l v e d  and  was s w e p t  i n t o  t h e  f l a m e  by 
v a p o r / a e r o s o l  m i x t u r e .
The minimum s o l v e n t  f l o w  r a t e  r e q u i r e d  t o  e l i m i n a t e  
t h e  s u p e r h e a t e d  v a p o r  c o n d i t i o n  was 1 . 3  mL/min.  The opt imum 
f l o w  r a t e  a p p e a r e d  t o  be  b e t w e e n  1 . 6  and 2 . 0  mL/min.
S o l v e n t  f l o w  r a t e  o f  1 . 8  mL/min was c h o s e n  f o r  t h e  f u r t h e r  
s t u d y .
F i g u r e  15 shows t h e  AA s i g n a l  o b t a i n e d  f rom 1 . 0  mL of  
0 . 5  ppm Cu s o l u t i o n  when t h e  t h e r m o s p r a y  n e b u l i z e r  was 
o p e r a t e d  a t  p r e c o n c e n t r a t i o n  mode.  A n a r r o w  and  t a l l  s i g n a l  
was o b s e r v e d .  T h i s  was c ompar ed  w i t h  t h e  s i g n a l  o b t a i n e d  a t  
n o r ma l  t h e r m o s p r a y  n e b u l i z e r  o p e r a t i o n .  O p e r a t i n g  t h e  
t h e r m o s p r a y  n e b u l i z e r  a t  p r e c o n c e n t r a t i o n  mode y i e l d e d  an  
o r d e r  of  m a g n i t u d e  s i g n a l  i n c r e m e n t  c omp ar ed  t o  normal  
o p e r a t i o n  o f  t h e r m o s p r a y  n e b u l i z e r .
T a b l e  4 l i s t s  t h e  r e s u l t s  of  c o m p a r i s o n  f rom AA 
s i g n a l s  o b t a i n e d  by u s i n g  a p n e u m a t i c  n e b u l i z e r  a nd  a  
t h e r m o s p r a y  n e b u l i z e r  a t  n o r ma l  and  a t  p r e c o n c e n t r a t i o n  
















0 . 2  „
0.0
'J' ^
J I J 1
I n je c t io n
F i g u r e  15. Comparison o f  AA S i g n a l s  from
(A) Normal Thermospray N e b u l i z e r  O perat ion
CB) Superheated  Vapor C o n d i t io n
S i g n a l s  were o b ta in e d  from 1 . 0  mL 0 . 5  ppm [Cu3
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p r e c o n c e n t r a t i o n  mode o v e r  a  p n e u m a t i c  n e b u l i z e r  s y s t e m  was
a b o u t  40 t i m e s  when a 1 . 0  mL o f  s a m p l e  was u s e d .
T a b l e  4.  C o m p a r i s o n  o f  AA S i g n a l  u s i n g  P n e u m a t i c  
N e b u l i z e r  and  T h e r m o s p r a y  N e b u l i z e r  a t  Norma! and 
P r e c o n c e n t r a t i o n  Mode, Volume I n j e c t e d :  1 . 0  mL
Samp 1 e
AA A b s o r p t i o n  Peak Hei e h t  ( A bs . )
Pneuma t  i c 
N e b u 1i z e r T h e r m o s o r a v Ne b u1i z e r
5E4Norma 11 Norma 12 P r e c o n c e n t r a t i o n 3
0 . 5  ppm Cu 0 . 0 2 5 0 . 0 7 9 1. 15 0 . 0 5 x 46
0 . 5  ppm Ca 0 . 0 2 4 0.  060 0.  72 0 . 0 4 x 30
0 . 0 5  ppm Mg 0 . 0 3 0 0 . 0 8 1 1 . 2 0 0.  05 x 40
0 . 0 5  ppm Mg 0 . 0 3 0 0.  080 1 . 0 0 0.  08 x 40
+ 10 mM NaCl
0 . 0 5  ppm Mg 0 . 0 2 8 0 . 0 7 9 0.  70 0 . 0 8 x 25
+ 50  mM NaCl
0 . 1  ppm Cu3 0 . 0 0 5 0 . 0 1 7 0.  46 0 .  02 x 92
* S i g n a l  o b t a i n e d  a t  opt imum c o n d i t i o n
2 S i g n a l  o b t a i n e d  a t  n or ma l  o p e r a t i o n  a t  1 . 8  mL/min
3 S i g n a l  o b t a i n e d  a t  p r e c o n c e n t r a t i o n  mode,  n = 10
4 S i g n a l  e n h a n c e m e n t  c a u s e d  by p r e c o n c e n t r a t i o n
3 2 mL i n j e c t i o n
U n f o r t u n a t e l y ,  due t o  t h e  n a r r o w  d i a m e t e r  and  s h o r t  
l e n g t h  o f  c u r r e n t  t h e r m o s p r a y  n e b u l i z e r  t u b i n g ,  t h e  t o t a l  
a moun t  o f  a n a l y t e  t h a t  c o u l d  be  a c c u m u l a t e d  i n  t h i s  way was 
l i m i t e d .  In t h e  p r e s e n c e  o f  l a r g e  a mo u n t s  o f  s a l t ,  some 
f r a c t i o n  o f  a n a l y t e  and s a l t s  were  b lown o u t  by t h e  v a p o r ;
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t h u s ,  t h e  p r e c o n c e n t r a t i o n  f a c t o r  was r e d u c e d  and 
r e p r o d u c i b i l i t y  was p o o r .
I
With t h e  w i d e r  and  long  c a p i l l a r y  t u b i n g ,  i t  i s  
b e l i e v e d  t h a t  more a n a l y t e  c an  be l o a d e d  and  h i g h  
p r e c o n c e n t r a t i o n  f a c t o r  c a n  be a c h i e v e d .
( c )  T h e r m o s p r a y  N e b u l i z e r  Washing  Method
I t  was n o t e d  t h a t  o p e r a t i n g  t h e  t h e r m o s p r a y  n e b u l i z e r  
a t  s u p e r h e a t e d  c o n d i t i o n  c a u s e d  a n  i n c r e a s e  i n  
b a c k p r e s s u r e ,  r e s u l t i n g  i n  t h e  b l o c k a g e  o f  t h e  t h e r m o s p r a y  
n e b u l i z e r  e v e n t u a l l y .  The r e a s o n  i s  n o t  c l e a r .  P e r h a p s ,  
some o f  t h e  a n a l y t e  t h a t  d e p o s i t e d  i n  t h e  t h e r m o s p r a y  
n e b u l i z e r  was n o t  washed  o f f  e ven  when t h e  s u p e r h e a t e d  
v a p o r  c o n d i t i o n  was r e mo ve d .  T h i s  l e f t  s m a l l  a m o un t s  o f  
n o n - v o l a t i l e  a n a l y t e  i n s i d e  t h e  t u b i n g  w a l l .  A f t e r  s e v e r a l  
a p p l i c a t i o n s  t h e  c a p i l l a r y  t u b i n g  became b l o c k e d  up.
A n o t h e r  p o s s i b i l i t y  i s  t h e  p y r o l i z a t i o n  of  n o n ­
v o l a t i l e  o r g a n i c  c o n s t i t u e n t  t h a t  f o r ms  a  c a r b o n  l a y e r .
Such  t r a c e s  o f  a n a l y t e  a r e  c u m u l a t i v e  u n l e s s  t h e y  a r e  
r emoved  e f f e c t i v e l y .  Once t h e  t h e r m o s p r a y  n e b u l i z e r  i s  
b l o c k e d  up,  i t  seemed i m p o s s i b l e  t o  c l e a r  i t  up .  T h e r e f o r e ,  
i n  g e n e r a l  u s e ,  i t  was n e c e s s a r y  t o  o p e r a t e  t h e  t h e r m o s p r a y  
n e b u l i z e r  a t  t h e  c o n d i t i o n  where  no s u p e r h e a t e d  v a p o r  was 
p r o d u c e d .
9 7
I t  was h e l p f u l  t o  wash t h e  t h e r m o s p r a y  n e b u l i z e r ,  
wh e ne ve r  some b a c k p r e s s u r e  was n o t i c e d ,  w i t h  a  weak c i t r i c  
a c i d  o r  EDTA s o l u t i o n  t o  remove d e p o s i t e d  m e t a l s .
T y p i c a l l y ,  0 . 5  mM o f  c i t r i c  a c i d  s o l u t i o n  o r  0 . 5  mM EDTA 
s o l u t i o n  was r u n  t h r o u g h  t h e r m o s p r a y  n e b u l i z e r  w i t h  10 W 
e n e r g y  i n p u t  f o r  a b o u t  1 h o u r ,  f o l l o w e d  by d e i o n i z e d  w a t e r .  
S t r o n g  a c i d  s h o u l d  be  a v o i d e d ,  e s p e c i a l l y  i f  s i g n i f i c a n t  
b a c k p r e s s u r e  h a s  a l r e a d y  b e e n  b u i l t  up b e c a u s e  i t  c o u l d  
c a u s e  c o m p l e t e  b l o c k a g e  o f  t u b i n g .
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C. A n a l y t e  T r a n s p o r t a t i o n  E f f i c i e n c y
The p e r f o r m a n c e  o f  n e b u l i z e r  s y s t e m  i s  e v a l u a t e d  by 
t h e  p r o p e r t i e s  o f  t h e  a e r o s o l  p r o d u c e d  s u c h  a s  d r o p l e t  
s i z e ,  s i z e  d i s t r i b u t i o n ,  and  t h e  a e r o s o l  t r a n s p o r t a t i o n  
e f f i c i e n c y .  Commerc i a l  p n e u m a t i c  n e b u l i z e r  s y s t e m s  p r o v i d e  
a e r o s o l  t r a n s p o r t a t i o n  e f f i c i e n c y  of  6 -  14 % and  d r o p l e t  
s i z e s  of  up t o  50 >ttm.75 Many e f f o r t s  have  b e e n  made t o  
i m p r o v e  t h e  t r a n s p o r t a t i o n  e f f i c i e n c y ;  h owe ve r ,  p a s t  
e f f o r t s  have  n o t  b e e n  e f f e c t i v e .  F r e q u e n t l y  c h a n g e s  i n  
d e s i g n  have  b e e n  a c c o m p a n i e d  w i t h  d e t e r i o r a t e d  a e r o s o l  
c h a r a c t e r s  s u c h  a s  l a r g e  d r o p l e t s  and  wi de  s i z e  
d i s t r i b u t i o n .
In o u r  d e s i g n  t h e  t h e r m o s p r a y  n e b u l i z e r  was s i t u a t e d  
i m m e d i a t e l y  b e lo w t h e  b u r n e r  head  t o  e n s u r e  t h e  maximum 
a n a l y t e  d e l i v e r y .  The t h e r m o s p r a y  n e b u l i z e r  p r o d u c e d  a  j e t  
o f  v a p o r  c o n t a i n i n g  f i n e  m i s t  o f  h o t  a e r o s o l  t h a t -  u n d e r w e n t  
d e s o l v a t i o n  r a p i d l y .  The d r o p l e t  s i z e  became s m a l l e r  a s  i t  
t r a v e l e d  due  t o  d e s o l v a t i o n .  The t r a n s p o r t a t i o n  e f f i c i e n c y  
o f  t h e  t h e r m o s p r a y  a e r o s o l  was m e a s u r e d  t o  s t u d y  t h e  
i mp r o v e m e n t  o f  AA s e n s i t i v i t y .
i )  E x p e r i m e n t a l  P r o c e d u r e
The b u r n e r  h ead  and  b u r n e r  chamber  t h r o u g h  w h i c h  t h e  
t h e r m o s p r a y  a e r o s o l s  p a s s e d  w e r e  c a r e f u l l y  washed  w i t h  2 . 0  
N n i t r i c  a c i d  and  r i n s e d  t h o r o u g h l y  w i t h  d e i o n i z e d  w a t e r .
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Ten mL, o f  s a m p l e  s o l u t i o n  we r e  i n j e c t e d  t h r o u g h  a 
Wate r  U6K i n j e c t o r  and t h e  a n a l y t e  s i g n a l  was c o n t i n u o u s l y  
r e c o r d e d .  The s o l v e n t  d r a i n  f rom b u r n e r  chamber  was 
c o l l e c t e d  i n t o  a  g r a d u a t e d  c y l i n d e r .
A f t e r  t h e  AA s i g n a l  d r o p p e d  t o  z e r o ,  t h e  AA u n i t ,  LC 
pump and  t h e r m o s p r a y  n e b u l i z e r  were  t u r n e d  o f f .  The b u r n e r  
h ead  and  t h e  chamber  we re  a l l o w e d  t o  c o o l  t o  room 
t e m p e r a t u r e  and  were  t h e n  washed  w i t h  20  mL of  2 . 0  N n i t r i c  
a c i d  f o l l o w e d  by 20 mL o f  d e i o n i z e d  w a t e r .  The s o l v e n t  was 
c o l l e c t e d  and  t h e  amoun t  o f  m e t a l  i n  washed  s o l u t i o n  was 
m e a s u r e d .
2 )  R e s u l t s  and  D i s c u s s i o n s
( a )  S o l v e n t  T r a n s p o r t a t i o n  E f f i c i e n c y
The s o l v e n t  t r a n s p o r t a t i o n  e f f i c i e n c y  was o b t a i n e d  
i n d i r e c t l y  by m e a s u r i n g  t h e  vo lume  of  s o l v e n t  t h a t  was n o t  
t r a n s p o r t e d  t o  t h e  a t o m i z e r ,  i . e .  by m e a s u r i n g  t h e  d r a i n  
f rom t h e  b u r n e r  c h a m b e r .  Commerc i a l  c o n c e n t r i c  p n e u m a t i c  
n e b u l i z e r  p r e s e n t e d  a r o u n d  85 -  95 % s o l v e n t  d r a i n a g e .
U s i ng  t h e  t h e r m o s p r a y  n e b u l i z e r ,  none  o f  t h e  s o l v e n t  
d r a i n e d  f rom t h e  b u r n e r  c h a m b e r .  The s o l v e n t  t r a n s p o r t a t i o n  
e f f i c i e n c y  of  t h e  c u r r e n t  t h e r m o s p r a y  n e b u l i z e r  d e s i g n  was 
e s t i m a t e d  t o  be  100 %, i . e .  a l l  t h e  s o l v e n t  i n t r o d u c e d  t o  
t h e  b u r n e r  ch amb e r  was t r a n s p o r t e d  t o  t h e  f l a m e  a t o m i z e r .
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However ,  s o l v e n t  t r a n s p o r t a t i o n  e f f i c i e n c y  may be 
h i g h e r  t h a n  t h e  a n a l y t e  t r a n s p o r t a t i o n  e f f i c i e n c y .  Wi th  t h e  
t h e r m o s p r a y  n e b u l i z e r ,  t h e  d i f f e r e n c e s  may be e v e n  l a r g e r  
b e c a u s e  t h e  h o t  t h e r m o s p r a y  a e r o s o l  may be  d r i e d  upon 
b u r n e r  chamber  w a l l .  The m e a s u r e m e n t  o f  a n a l y t e  
t r a n s p o r t a t i o n  e f f i c i e n c y  would be  b e t t e r  i n  e v a l u a t i o n  of  
t h e  p e r f o r m a n c e  of  n e b u l i z e r ,  p a r t i c u l a r l y  w i t h  t h e  
t h e r m o s p r a y  n e b u l i z e r .
( b )  A n a l y t e  T r a n s p o r t a t i o n  E f f i c i e n c y
The a n a l y t e  t r a n s p o r t a t i o n  e f f i c i e n c y  was m e a s u r e d  
i n d i r e c t l y  by m e a s u r i n g  t h e  amount  o f  a n a l y t e  t h a t  was n o t  
t r a n s p o r t e d  t o  t h e  f l a m e ,  i . e .  t h e  a mo un t  t h a t  l e f t  i n  t h e  
b u r n e r  chamber  a s s e m b l y .  An i n d i r e c t  me thod  was u s e d  
b e c a u s e  o f  d i f f i c u l t i e s  i n  m e a s u r i n g  t h e  amount  o f  a n a l y t e  
t r a n s p o r t e d  t o  t h e  f l a m e .  I t  was a s s ume d  t h a t  t h e  amount  of  
a n a l y t e  n o t  t r a n s p o r t e d  c a n  be  u s e d  t o  d e d u c e  t h e  amount  
t r a n s p o r t e d .  In t h e  f u r t h e r  washed  s o l u t i o n  no s i g n i f i c a n t  
amoun t  o f  a n a l y t e  was f o u n d .
T a b l e  5 l i s t s  t h e  t h e  a n a l y t e  t r a n s p o r t a t i o n  
e f f i c i e n c y  a t  d i f f e r e n t  e n e r g y  i n p u t  v a l u e s .
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T a b l e  5 .  A n a l y t e  t r a n s p o r t a t i o n  e f f i c i e n c y  a t  
d i f f e r e n t  e n e r g y  i n p u t  ( v a p o r i z a t i o n ) ,  Flow R a t e  = 1 . 0  
mL/min,  50 jxg Cu l o a d
E n e r g y  I n p u t Amount T r a n s p o r t e d *
E s t  i mated  
E f f  i c i e n c y
80 w a t t 22 ± 4 . 0  ^ g 44 %
100 w a t t 28 ± 1 . 5  MS 56 %
130 w a t t 30 £  1. 0 jxg 60 %
* n = 5
As t h e  e n e r g y  i n p u t  i n c r e a s e d ,  t h e  t r a n s p o r t a t i o n  
e f f i c i e n c y  i n c r e a s e d  a l s o .  T h i s  was b e c a u s e  t h e  a e r o s o l  
c h a r a c t e r  was i m p r o v ed  a t  h i g h e r  e n e r g y  i n p u t  a s  d i s c u s s e d  
e a r  1i e r .
The a n a l y t e  t r a n s p o r t a t i o n  e f f i c i e n c i e s  w e r e  m e a s u r e d  
w i t h  s e v e r a l  m e t a l s  and  t h e  r e s u l t s  a r e  l i s t e d  i n  T a b l e  6.  
The e f f i c i e n c i e s  we r e  m e a s u r e d  a t  2 . 0  mL/min o f  s o l v e n t  
f l o w  r a t e  and  t h e  r e s u l t s  a r e  l i s t e d  i n  T a b l e  7.
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T a b l e  6.  A n a l y t e  T r a n s p o r t a t i o n  E f f i c i e n c y  u s i n g  
T h e r m o s p r a y  N e b u l i z e r  a t  1 . 0  mL/min
Meta 1
Amount t o  be 
T r a n s p o r t e d
Amount
T r a n s p o r t e d *
E s t i m a t e d  
E f f  i c i  ency
Cu 50 >ug 30 t  1 . 0  jug 60 %
Ca 50 ug 28 £  1. 5 jUg 56 %
Zn 10 MS 5 . 5  ±  0.  2 jUg 55 %
Ni 50  Mg 28 1  1. 7 MS 56 %
Pb 2 0 0  MS 130 £  5 . 0  jug 65 *
* : n = 3
T a b l e  7 .  A n a l y t e  T r a n s p o r t a t i o n  E f f i c i e n c y  u s i n g  
T h e r m o s p r a y  N e b u l i z e r  a t  2 . 0  mL/min
Meta  1
Amount t o  be 
T r a n s p o r t e d
Amount
T r a n s p o r t e d *
E s t  i m a t e d  
E f f i c i e n c y
Cu 50 m s 25 + 1 . 5  jug 50 %
Ca 50MS 27 + 1. 5 >ug 54 %
Zn to  m s 5 . 2  £  0 . 3  jUg 52 %
Ni 50 MS 27 ±  1. 4 MS 54 %
Pb 200JAS 130 £  5 .  1 jug 65 %
* : n = 3
The a n a l y t e t r a n s p o r t a t i o n e f f i c i e n c y  o f c u r r e n t
d e s i g n  i s  e s t i m a t e d  50 -  6556. T r a n s p o r t a t i o n  e f f i c i e n c y
a p p e a r e d  n o t  t o  be  i n f l u e n c e d  s i g n i f i c a n t l y  by s o l v e n t  f l o w 
r a t e s  b e t w e e n  1 . 0  and  2 . 0  mL/min.
The imp r ov ed  t r a n s p o r t a t i o n  e f f i c i e n c y  o v e r  p n e u m a t i c  
n e b u l i z e r  p a r t i a l l y  e x p l a i n s  t h e  s e n s i t i v i t y  i n c r e m e n t  
o b t a i n e d  w i t h  t h e  t h e r m o s p r a y  n e b u l i z e r  o v e r  p n e u m a t i c  
n e b u l i z e r .
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D. S t u d i e s  o f  Memory E f f e c t
Flame AAS i s  o c c a s i o n a l l y  s u b j e c t  t o  memory e f f e c t s .  
T h e s e  may a r i s e  due  t o  t h e  s a m p l e  t r a c e s  l e f t  i n  t h e  s p r a y  
chamber  f rom p r e v i o u s  s a m p l e s .  T h i s  i s  p a r t i c u l a r l y  s e v e r e  
when t h e  b u r n e r  chamber  i s  h e a t e d .  The d r i e d  s a m p l e  
s o l u t i o n  c a n  be  d e p o s i t e d  i n s i d e  t h e  h e a t e d  b u r n e r  chamber  
r a t h e r  t h a n  d r a i n e d  o u t ,  and  t h i s  c an  be  r e d i s s c l v e d  and 
t r a n s p o r t e d  t o  t h e  f l a m e  by t h e  s u b s e q u e n t  s o l v e n t .
Wi th  t h e  t h e r m o s p r a y  n e b u l i z e r ,  a s i g n i f i c a n t  amount  
C35 - 50 56) o f  a n a l y t e  was f o u n d  i n  t h e  b u r n e r  chamber  
a s s e m b l y  p a r t i c u l a r l y  In  t h e  b u r n e r  h e a d .  The q u e s t i o n  was 
p r e s e n t e d  w h e t h e r  t h e  d e p o s i t e d  a n a l y t e  on t h e  b u r n e r  
chamber  c o u l d  be washed  o f f  w i t h  a  s u c c e e d i n g  s a m p l e  
s o l v e n t ,  r e s u l t i n g  i n  a n  a n a l y t i c a l  e r r o r .  The p o s s i b i l i t y  
o f  memory e f f e c t  u s i n g  t h e  t h e r m o s p r a y  n e b u l i z e r  was 
t h e r e f o r e  i n v e s t i g a t e d .
1) E x p e r i m e n t a l  P r o c e d u r e
The t h e r m o s p r a y  n e b u l i z e r  was s e t  a t  130 w a t t  and 
s o l v e n t  f l o w  r a t e  was s e t  a t  1 . 5  mL/min.  Two ppm o f  c o p p e r  
s o l u t i o n  was r u n  a s  a c a r r i e r  l i q u i d  f o r  one  h o u r  and  
c o p p e r  AA s i g n a l  was m o n i t o r e d .  A f t e r  one  h o u r  o f  r u n n i n g ,  
c o p p e r  s o l u t i o n  was r e p l a c e d  w i t h  w a t e r .  A f t e r  c o p p e r  
s i g n a l  d r o p p e d  down t o  z e r o ,  a  s e r i e s  o f  lOOyUL of  2 . 0  M 
HC1 was i n j e c t e d  t o  t h e  s y s t e m  t o  o b s e r v e  whe r e  t h e  a c i d
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c o u l d  r e l e a s e  t h e  c o p p e r  d e p o s i t  f rom t h e  b u r n e r  c hambe r .
The s u b s e q u e n t  c o p p e r  AA s i g n a l  was r e c o r d e d  on c h a r t  
r e c o r d e r .
2)  R e s u l t s  and  D i s c u s s i o n s
The t h e r m o s p r a y  n e b u l i z e r  was p l a c e d  d i r e c t l y  be low 
t h e  b u r n e r  head  and  t h e  d i r e c t i o n  o f  v a p o r / a e r o s o l  m i x t u r e  
was f o c u s e d  t o  t h e  c e n t e r  o f  t h e  a t o m i z e r .  T h i s  d e s i g n  
m i n i m i z e d  t h e  c o n t a c t  of  e m e r g i n g  a e r o s o l  t o  t h e  b u r n e r  
chamber  w a l l .  At  no rma l  o p e r a t i n g  c o n d i t i o n ,  t h e  e m e r g i n g  
v a p o r  c l o u d  was n o t  s p r e a d  o u t  more t h a n  t h e  d i a m e t e r  o f  
t h e  b u r n e r  chamber  wh i ch  was 1 i n c h  u n t i l  t h e y  r e a c h e d  t h e  
b u r n e r  h e a d .  Thus ,  t h e  c o n t a c t  o f  t h e  v a p o r  c l o u d  w i t h  t h e  
b u r n e r  chamber  was m i n i m i z e d  ( o n l y  l e s s  t h a n  5 % o f  t o t a l  
a n a l y t e  d e p o s i t  was f o u n d  a t  t h e  b u r n e r  chamber  w a l l ) .  
However ,  t h e  c o n t a c t  of  v a p o r  c l o u d  t o  t h e  b u r n e r  head  
c o u l d  n o t  be  m i n i m i z e d ,  r e s u l t i n g  i n  t h e  a n a l y t e  d e p o s i t  on 
i t .
The memory e f f e c t  was m e a s u r e d  by t r y i n g  t o  r e l e a s e  
t h e  m e t a l  d e p o s i t  a f t e r  i t  had a c c u m u l a t e d  i n  t h e  b u r n e r  
c h a m b e r .  Wate r  and  s t r o n g  a c i d  were  u s e d  t o  c h e c k  w h e t h e r  
t h e y  r e l e a s e d  t h e  m e t a l  d e p o s i t  o r  n o t .  The r e s u l t s  a r e  
shown i n  F i g u r e  16.
Wate r  d i d  n o t  r e l e a s e  any  m e t a l s .  However ,  a 
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F ig u r e  16. Memory E f f e c t s  from Thermosrpay N e b u l i z e r
Strong a c i d  r e l e a s e d  some a n a l y t e s  from burner  
head but water d id  not  r e l e a s e  any a n a l y t e s .
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a s s e m b l y ,  y i e l d i n g  a  t a l l  and  s h a r p  p eak  w h i c h  f e l l  down t o  
t h e  b a s e l i n e  r a p i d l y  w i t h  f i r s t  i n j e c t i o n .  A s m a l l  s i g n a l  
was o b s e r v e d  w i t h  t h e  . s ec o n d  i n j e c t i o n  and  no f u r t h e r  
s i g n i f i c a n t  p e a k s  were  o b s e r v e d  a f t e r  t h e  t h i r d  i n j e c t i o n .
I t  seemed t h a t  t h e  m e t a l  a d h e r e d  t o  t h e  b u r n e r  h e a d  so 
s t r o n g l y  t h a t  i t  was n o t  r e l e a s e d  e a s i l y ,  o r  t h e r e  was no 
more l e f t .  Only  t h e  m e t a l  t h a t  d e p o s i t e d  w e a k l y  on t h e  
o u t m o s t  s u r f a c e  was r e l e a s e d .
3)  C o n c l u s i o n
U n l e s s  v e r y  s t r o n g  a c i d  was u s e d ,  t h e  memory e f f e c t  
was n o t  o b s e r v e d  i n  g e n e r a l .  N o n e t h e l e s s ,  i n  o r d e r  t o  
p r e v e n t  any  p o s s i b l e  memory e f f e c t ,  i t  i s  good p r a c t i c e  t o  
wash t h e  b u r n e r  head  f r e q u e n t l y  w i t h  weak a c i d  t o  a v o i d  any  
e x c e s s  a n a l y t e  a c c u m u l a t i o n  on t h e  b u r n e r  h e a d .
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E. The E f f e c t  o f  S o l v e n t  Flow R a t e
As t h e  s o l v e n t  f l o w  r a t e  i s  i n c r e a s e d ,  t h e  amount  o f  
a n a l y t e  t r a n s p o r t e d  t o  t h e  a t o m i z e r  i n  u n i t  t i m e  i s  
i n c r e a s e d ;  and a s e n s i t i v i t y  i n c r e a s e  may be e x p e c t e d .  With 
t h e  p n e u m a t i c  n e b u l i z e r ,  h o w ev e r ,  t h e  s e n s i t i v i t y  i n c r e m e n t  
was f i x e d  w i t h i n  n a r r o w  l i m i t s  w i t h  c h a n g e s  i n  s a m p l e  f l o w  
r a t e ,  b e c a u s e  t h e  n e b u l i z a t i o n  e f f i c i e n c y  d e pe n d e d  on t h e  
g a s  f l o w  r a t e .  Above a  c r i t i c a l  l e v e l  i t  d e c r e a s e d  a t  
i n c r e a s e d  s o l v e n t  f l o w  r a t e  w i t h  a  c o n s t a n t  gas  f l o w  r a t e .
U s i n g  t h e  t h e r m o s p r a y  n e b u l i z e r ,  t h e  s o l v e n t  f l o w  r a t e  
was a d j u s t e d  i n d e p e n d e n t  t o  t h e  f u e l  g a s  f l o w  r a t e .  The 
a e r o s o l  c h a r a c t e r  was t h e r e f o r e  i n d e p e n d e n t  o f  t h e  f u e l  gas  
f l o w  r a t e  b u t  was p r e d o m i n a n t l y  c o n t r o l l e d  by t h e  e n e r g y  
i n p u t  t o  t h e  t h e r m o s p r a y  n e b u l i z e r .  The r e l a t i o n s h i p  o f  t h e  
f l o w  r a t e  on t h e  s e n s i t i v i t y  was s t u d i e d  and  compar ed  t o  
t h e  p n e u m a t i c  n e b u l i z e r .
1) E x p e r i m e n t a l  P r o c e d u r e
The s e n s i t i v i t i e s  o f  11 e l e m e n t s  were  s t u d i e d  u n d e r  
d i f f e r e n t  s a m p l e  f l o w  r a t e s .  Wate r  was u s e d  a s  t h e  s o l v e n t .  
The t h e r m o s p r a y  n e b u l i z e r  c o n d i t i o n s  a r e  l i s t e d  i n  T a b l e  8.  
When t h e  o p e r a t i n g  e n e r g y  o f  t h e  t h e r m o s p r a y  n e b u l i z e r  was 
a d j u s t e d  i t  was e q u i l i b r a t e d  f o r  5 m i n u t e s .
U n l i k e  t h e  p n e u m a t i c  n e b u l i z e r ,  t h e  g a s  f l o w  was 
a d j u s t e d  o n l y  t o  m o d i f y  t h e  f l a m e  c o m p o s i t i o n .  O x i d i z i n g
1 0 9
f l a m e s  ( f u e l  l e a n )  were  u s e d  f o r  mos t  o f  t h e  e l e m e n t s  
e x c e p t  f o r  Cr f o r  wh i ch  a r e d u c i n g  f l a m e  ( f u e l  r i c h )  was 
u s e d .  The r e s u l t s  were  c ompar ed  w i t h  t h e  p n e u m a t i c  
n e b u 1i z e r .
T a b l e  8 .  E n e r g y  I n p u t  A p p l i e d  t o  T h e r m o s p r a y  N e b u l i z e r  
a t  D i f f e r e n t  Flow R a t e
Flow R a t e ,  mL/min T o t a l  E n e r g y
0 . 8  - 1 . 2 100 Wat t
1 . 2  -  1 . 8 120 Wat t
1 . 8  -  2 . 4 140 w a t t
2 .  R e s u l t s  and D i s c u s s i o n s
Wi th  t h e  t h e r m o s p r a y  n e b u l i z e r ,  t r a n s p o r t a t i o n  
e f f i c i e n c y  was n o t  a f f e c t e d  by s o l v e n t  f l o w  r a t e  up t o  2 . 0  
mL/min.  R e l a t i v e l y  good l i n e a r i t y  i n  t h e  r e l a t i o n s h i p  
b e t w e e n  s i g n a l  and  f l o w  r a t e  was o b s e r v e d  u p t o  2 . 0  mL/min.  
Wi th  t h e  p r e s e n t  d e s i g n ,  t h e  r e l a t i o n s h i p  of  s e n s i t i v i t y  t o  
s o l v e n t  f l o w  r a t e  t e n d e d  t o  d e v i a t e  f rom t h e  l i n e a r i t y  a t  
beyond  2 . 0  mL/min.  T h i s  was p r o b a b l y  due  t o  u n a v a i l a b i l i t y  
o f  s u f f i c i e n t  power  t o  h a n d l e  t h e  h i g h  s o l v e n t  f l o w  r a t e .
The f l a m e  AA s i g n a l  was o b s e r v e d  a s  a  f u n c t i o n  o f  f l o w  
r a t e .  The r e s u l t s  shown i n  F i g u r e  17 t o  26 show t h e  
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e l e m e n t s ,  I n  c o m p a r i s o n  w i t h  t h e  d a t a  o b t a i n e d  u s i n g  a 
p n e u m a t i c  n e b u l i z e r .
The s e n s i t i v i t y  o b t a i n e d  a t  1 . 5  mL/min w i t h  5 0 >UL 
s a m p l e  i n j e c t i o n s  a r e  s um m a r i z ed  i n  T a b l e  9 .  In mos t  o f  t h e  
m e t a l s  s t u d i e d ,  t h e  t h e r m o s p r a y  n e b u l i z e r  g a ve  a b o u t  5 t o  
10 f o l d  s e n s i t i v i t y  i m p r o v e me n t  e v e n  when u s i n g  a  much 
s m a l l e r  s a m p l e  volume c om p a r ed  t o  t h e  p n e u m a t i c  n e b u l i z e r  
( t y p i c a l l y  0 . 3  - 0 . 5  mL f o r  minimum m e a s u r e m e n t ) .
T a b l e  9.  C o m p a r i s o n  o f  S e n s i t i v i t y  Cl# A b s o r p t i o n )  
u s i n g  D i f f e r e n t  N e b u l i z e r  a t  1 . 5  mL/min w i t h  5 0 JUL 
Sample  I n j e c t i o n ,  n = 5
Meta l
PN1 TN*
S e ns  i t i  v i  t y S e n s ! t i v i  t y Abs.  S e n s i t i v i t ;
Ag 0 . 1 5  ppm 0 . 0 3 0  ppm 3 , 0  ng
Ca 0.  30 0 . 0 4 0 4.  0
Cd 0 . 0 6 0 . 0 1 0 1 . 0
Cr 0.  16 0 . 0 4 0 4 . 0
Cu 0.  AO 0.  030 3 . 0
Fe 0.  45 0 . 0 6 0 6 . 0
Hg 1 5 . 0 2 . 0 0 200
Mg 0.  02 0 . 0 0 2 0 . 2
Mn 0.  13 0.  020 2 . 0
Ni 0 . 5 0 0.  100 10.  0
Pb 0 . 5 0 0 . 0 5 0 5 . 0
Zn 0.  03 0.  003 0 .  3
1 : P n e u m a t i c  n e b u l i z e r ,  c o n t i n u o u s  f e e d i n g .
s : T h e r m o s p r a y  n e b u l i z e r
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F.  E f f e c t  o f  U s i n g  D i f f e r e n t  S o l v e n t s
The s o l v e n t  i s  a p o t e n t i a l  s o u r c e  o f  i n t e r f e r e n c e  w i t h  
t h e  p n e u m a t i c  n e b u l i z e r ,  b e c a u s e  i t s  n e b u l i z a t i o n  
e f f i c i e n c y  v a r i e s  s i g n i f i c a n t l y  w i t h  s o l v e n t  p r o p e r t i e s  
s u c h  a s  v i s c o s i t y ,  d e n s i t y ,  s u r f a c e  t e n s i o n ,  h e a t  o f  
v a p o r i z a t i o n ,  e t c .  D e s o l v a t l o n  e f f i c i e n c y  a l s o  v a r i e s  w i t h  
s o l v e n t  p r o p e r t i e s  s u c h  a s  b o i l i n g  p o i n t ,  and  s p e c i f i c  
h e a t .  V a r i a t i o n  i n  t h e  n e b u l i z a t i o n  and  d e s o l v a t i o n  
e f f i c i e n c y  r e s u l t s  i n  a  v a r i a t i o n  i n  t h e  AA s i g n a l .
T h e r e f o r e ,  i n d i v i d u a l  c a l i b r a t i o n  c u r v e s  a r e  r e q u i r e d  when 
d i f f e r e n t  s o l v e n t s  a r e  u s e d  w i t h  t h e  p n e u m a t i c  n e b u l i z e r .
The t h e r m o s p r a y  n e b u l i z e r  a c t s  a s  a  p r e l i m i n a r y  
d e s o l v a t i o n  d e v i c e  and  may e l i m i n a t e  i n t e r f e r e n c e s  
a s s o c i a t e d  w i t h  d e s o l v a t i o n .  I t  i s  e x p e c t e d  t h a t  t h e  
s o l v e n t  e f f e c t  would  be  m i n i m i z e d .
1) E x p e r i m e n t a l  P r o c e d u r e
The t e s t  m e t a l  was d i s s o l v e d  i n  a  t e s t  s o l v e n t .  T e s t  
s o l v e n t s  we re  p u r e  w a t e r ,  50  % m e t h a n o l  i n  w a t e r  and  50 % 
a c e t o n i t r i l e  i n  w a t e r ,  r e s p e c t i v e l y .  One mL o f  s a m p l e  was 
i n j e c t e d  and  t h e  s i g n a l  was m e a s u r e d  s u b s e q u e n t l y .
The t h e r m o s p r a y  n e b u l i z e r  c o n d i t i o n s  u s e d  w i t h  
d i f f e r e n t  s o l v e n t s  a r e  l i s t e d  i n  T a b l e  10.  The t h e r m o s p r a y  
n e b u l i z e r  was e q u i l i b r a t e d  f o r  5 m i n u t e s  w i t h  e a c h  new 
e n e r g y  s e t t i n g  b e f o r e  m e a s u r e m e n t s  we r e  made.
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T a b l e  10.  E n e r g y  I n p u t  A p p l i e d  t o  T h e r m o s p r a y  
N e b u l i z e r  a t  D i f f e r e n t  S o l v e n t s  and  Flow R a t e s
Flow R a t e .  mL/min
ENERGY INPUT
S o l v e n t  Tvpe
Wate r
50S> Methano l  
i n  Wate r
50 % A c e t o n i t -  
r i  1 e i n  Water
0 . 8  -  1 . 2 100 Wat t 80 Wat t 80 Wat t
1 . 2  -  1 . 8 120 " 100 " 100 "
1 . 8  -  2 . 4 140 " 110 "
tot
2 )  R e s u l t s  and  D i s c u s s i o n s
F i g u r e s  29 -  31 d e p i c t  t h e  v a r i a t i o n  i n  s i g n a l s  c a u s e d  
by  d i f f e r e n t  s o l v e n t s  when a p n e u m a t i c  n e b u l i z e r  i s  u s e d .
AA a b s o r p t i o n  s i g n a l  v a r i e d  w i l d l y ,  f rom one  s o l v e n t  t o  
a n o t h e r  s o l v e n t .  In g e n e r a l ,  o r g a n i c  s o l v e n t  gave  r i s e  t o  a 
h i g h e r  s i g n a l  o v e r  a q u e o u s  s o l v e n t  b e c a u s e  o f  i n c r e a s e d  
n e b u l i z a t i o n  e f f i c i e n c y .  I f  s e v e r a l  d i f f e r e n t  s o l v e n t s  a r e  
u s e d ,  a c a l i b r a t i o n  c u r v e  f o r  e a c h  s o l v e n t  i s  n e c e s s a r y .
However ,  t h e  t h e r m o s p r a y  n e b u l i z e r  e l i m i n a t e d  mos t  o f  
t h e  s o l v e n t  e f f e c t ,  i . e .  s i g n a l  v a r i a t i o n  d e p e n d i n g  on 
s o l v e n t .  The AA s i g n a l s  o b t a i n e d  u s i n g  t h e  t h e r m o s p r a y  
n e b u l i z e r  a r e  shown i n  F i g u r e  32 - 34.  R e g a r d l e s s  o f  t h e  
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A n a l y t e  t r a n s p o r t a t i o n  e f f i c i e n c y  was m e a s u r e d  f o r  
e a c h  s o l v e n t .  The r e s u l t s  a r e  shown i n  T a b l e  11.  The 
t r a n s p o r t a t i o n  e f f i c i e n c y  was n o t . i n f  1u e n c e d  by d i f f e r e n t  
s o l v e n t .  Lack o f  d e p e n d e n c e  on t h e  s o l v e n t  u s e d  e x p l a i n e d  
t h e  s i m i l a r  AA s i g n a l s  o b t a i n e d .
T a b l e  11.  C o mp a r i s o n  o f  T r a n s p o r t a t i o n  e f f i c i e n c y  w i t h  
d i f f e r e n t  s o l v e n t  o b t a i n e d  a t  1 . 0  mL/min,  50 jxg c o p p e r  
l o a d i n g ,  n = 3
S o l v e n t
Amount  o f  Cu 
T r a n s p o r t e d
E s t i m a t e d  
Ef f i c i e ncy
Wate r 30 i i * o  m 60 %
50 * CHs 0H i n  Water 32 + 2 . 0  >ttg 64 %
50 % CH3CN i n  Water 32 + 2 . 5  Mg 64 %
Themospr ay a e r o s o l d e s o 1v a t e s r a p i d  1y . When o p e r a t e d
c o r r e c t l y ,  t h e  a e r o s o l  d e s o l v a t e s  c o m p l e t e l y  b e f o r e  i t  
e n t e r s  t h e  f l a m e  a t o m i z e r .  T h a t  i s ,  o n l y  d r i e d  a n a l y t e  
r e s i d u e  e n t e r s  t h e  f l a m e .  T h i s  e l i m i n a t e s  t h e  d e s o l v a t i o n  
p r o c e s s  i n  t h e  f l a m e  wh i ch  i s  a s o u r c e  f o r  s o l v e n t  e f f e c t .  
In t h i s  way t h e r m o s p r a y  n e b u l i z e r  e l i m i n a t e s  t h e  s o l v e n t  
e f f e c t .
The r e s u l t s  i n d i c a t e  t h a t  t h e  t h e r m o s p r a y  n e b u l i z e r  i s  
a good i n t e r f a c i n g  d e v i c e  f o r  'HPLC t o  f l a m e  AAS, i n  which  
v a r i o u s  t y p e s  o f  s o l v e n t  a r e  u s e d  a s  a m o b i l e  p h a s e .  The
1 3 2
t h e r m o s p r a y  n e b u l i z e r  p r o v i d e s  t h e  same s i g n a l  i n d e p e n d e n t  
o f  s o l v e n t  i f  o p e r a t e d  c o r r e c t l y ,  i . e .  r i g h t  amoun t  o f  
e n e r g y  a t  e a c h  s o l v e n t  i s  u s e d .
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G. S t u d i e s  on Pe ak  D i s p e r s i o n
As t h e  s o l u t e  band  p a s s e s  t h r o u g h  t h e  c o l umn ,  t h e  
w i d t h  o f  t h e  band  i n c r e a s e s  and  t h e  s o l u t e  i s  d i l u t e d  by
t h e  m o b i l e  p h a s e .  The band  w i d t h  i s  i n c r e a s e d  f u r t h e r  by
o t h e r  f a c t o r s ,  s u c h  a s  t h e  i n j e c t i o n  s y s t e m ,  c o n n e c t i n g  
p i p e  work ,  and  t h e  d e t e c t o r .  S o l u t e  band  b r o a d e n i n g  r e s u l t s  
i n  p eak  b r o a d e n i n g  i n  t h e  d e t e c t o r  and p r o d u c e s  w id e  p e a k s  
r a t h e r  t h a n  s h a r p  p e a k s .
The p eak  b r o a d e n i n g  o c c u r r i n g  i n  d i f f e r e n t  r e g i o n s  of  
t h e  c h r o m a t o g r a m  i s  a d d i t i v e  and  i s  g i v e n  by :
t o l l ]  " rp2 c o l  ^ d o t  ^ (T 1 I n j ^ c a n
'  -V*-----------  J
E x t r a  Column Peak  B r o a d e n i n g
w h e r e ,
cTt o t .  i = o b s e r v e d  p eak w i d t h
CTe a i = p eak b r o a d e n i n g w i t h i n  co lumn
crd .  t = p eak b r o a d e n i n g hy d e t e c t o r
<Tt n i ~ p eak b r o a d e n i n g by i n j e c t o r
C o n  = p eak b r o a d e n i n g by t u b i n g  c o n n e c t i o n s
Pe ak  b r o a d e n i n g  n o t  o n l y  r e d u c e s  t h e  s e n s i t i v i t y  o f  
t h e  d e t e c t o r  b u t  a l s o  d e s t r o y s  t h e  c h r o m a t o g r a p h i c  
r e s o l u t i o n  a t t a i n e d .
When a p n e u m a t i c  n e b u l i z e r  was u s e d  i n  f l a m e  AAS f o r
1 3 4
i n t e r f a c i n g  t o  LC, p e a k s  w i t h  a  l ong  skewed t a i l  was 
n o r m a l l y  o b s e r v e d . 68
Ft was f o u n d  t h a t  t h e  p e a k  b r o a d e n i n g ,  p a r t i c u l a r l y  
w i t h  LC/AA s y s t e m ,  was m a i n l y  c a u s e d  by t h e  i m p r o p e r  
i n t e r f a c i n g  r a t h e r  t h a n  LC c o l umn .  In o r d e r  t o  r e d u c e  t h e  
p e a k  b r o a d e n i n g ,  K a t z  and  S c o t t ® 9 u s e d  a s p e c i a l  s e r p e n t i n e  
t u b e  a s  a n  i n t e r f a c i n g  d e v i c e  and  a c h i e v e d  r e d u c e d  p eak  
b r o a d e n i n g .  However ,  i n  c o m p a r i s o n  t o  t h e  i n t e r f a c i n g  u s e d  
w i t h  t h e  norma l  UV d e t e c t o r ,  p eak  b r o a d e n i n g  was 
s i g n i  f  i c a n t .
1)  E x p e r i m e n t a l  P r o c e d u r e
The p e a k  d i s p e r s i o n  f a c t o r  u s e d  by S c o t t  and K u c e r a 90 
was u s e d  t o  s t u d y  p e a k  b r o a d e n i n g .  The p e a k  w i d t h  a t  0 . 6 0 7  
o f  t h e  p e a k  h e i g h t  i s  m e a s u r e d .  T o t a l  p eak  d i s p e r s i o n  i s
t h e n  o b t a i n e d  f rom t h e  f o l l o w i n g  e q u a t i o n :
<Tt a = ( x /  2 p )* (7)
wh e r e ,
x i s  t h e  p eak  w i d t h  i n  cm a t  0 . 6 0 7  o f  t h e  p eak  h e i g h t
p i s  t h e  c h a r t  s p e e d  i n  c m / s e c .
F i r s t ,  t h e  p e a k  d i s p e r s i o n  was m e a s u r e d  when t h e  f l a m e  
a t o m i z e r  was i n t e r f a c e d  w i t h  t h e  t h e r m o s p r a y  n e b u l i z e r .
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T h i s  was c ompar ed  w i t h  t h e  p e a k  d i s p e r s i o n  o b s e r v e d  when 
t h e  p n e u m a t i c  n e b u l i z e r  was u s e d .  For  t h e  l a t e r  
i n t e r f a c i n g ,  t h e  i n l e t  o f  t h e  p n e u m a t i c  n e b u l i z e r  was 
c o n n e c t e d  t o  t h e  i n j e c t o r  u s i n g  a  0 . 8  mm i . d .  x 10 cm Tygon 
t u b  i n g .
E l u t i o n  p e a k s  were  o b t a i n e d  by i n j e c t i n g  2 0 M b  z i n c  
g l u c o n a t e  s o l u t i o n .  The a t t e n u a t i o n  o f  t h e  r e c o r d e r  was 
a d j u s t e d  t o  p r o d u c e  s i m i l a r  p e a k  h e i g h t .  The r e s p o n s e  
s i g n a l s  were  r e c o r d e d  a t  f a s t  c h a r t  s p e e d  t o  e x a g g e r a t e  any 
d i f f e r e n c e s .  The e x p e r i m e n t  was r e p e a t e d  u s i n g  a UV 
d e t e c t o r  w i t h  8 / iL f l o w  c e l l .  The d i a m e t e r  a nd  l e n g t h  of  
c a p i l l a r y  t u b i n g  were  s i m i l a r  t o  e a c h  o t h e r  f o r  f a i r  
c o m p a r i s o n .
HPLC co lumn was c o n n e c t e d  and  c h r o m a t o g r a m s  f rom e a c h  
d e t e c t o r  were  c o m p ar e d .  A number  o f  t h e o r e t i c a l  p l a t e s  were  
c a l c u l a t e d  b a s e d  on t h e  o b t a i n e d  c h r o m a t o g r a m s  o b t a i n e d .
2) R e s u l t s  and D i s c u s s i o n s
The p e a k  s h a p e  o b t a i n e d  u s i n g  v a r i o u s  d e t e c t o r s  a r e  
shown i n  F i g u r e  35 .  The c h r o m a t o g r a m s  o b t a i n e d  u s i n g  f l a m e  
AAS and  UV d e t e c t o r  a r e  shown i n  F i g u r e  36 .  The p eak  
d i s p e r s i o n  and co lumn e f f i c i e n c y  c a l c u l a t e d  f rom r e s u l t i n g  
p e a k s  a r e  l i s t e d  i n  T a b l e  12.
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T a b l e  12.  C o m p a r i s o n  o f  P eak  D i s p e r s i o n  u s i n g  V a r i o u s  
D e t e c t o r s ,  2 0 JUL z i n c  g l u c o n a t e  i n j e c t i o n ,  n = 5
Pe ak  Column
C o m b i n a t i o n s  D i s p e r s i o n  E f f i c i e n c y
I n j  e c t o r + Union  + UV 1 . 7 + 0 . 2 -
I n j e c t o r + Union  + TN-FAA1 2 . 2 + 0 .  1 -
I n j e c t o r + T u b i n g + PN-FAA2 11 + 0.  8 -
I n j e c t o r Co lumn5 + UV 65 + 0 . 9 2100
I n j e c t o r + Co I umn3 + TN-FAA' 81 t 0 . 9 2000
1) T h e r m o s p r a y  N e b u l i z e r  FAA
2)  P n e u m a t i c  N e b u l i z e r  FAA
3) >U-Bondapak C -18 ,  15 cm x 3 . 8  mm, 5 /Am,
20 X Me t h a no l  i n  w a t e r  a s  s o l v e n t
The c u r r e n t  i n t e r f a c e  d e s i g n  e l i m i n a t e d  t h e  s e v e r e  
p e a k  b r o a d e n i n g  e f f e c t  f r e q u e n t l y  o b s e r v e d  w i t h  p n e u m a t i c
n e b u l i z e r  i n t e r f a c i n g .  The p eak  b r o a d e n i n g  e f f e c t  o f  t h e
p r e s e n t  t h e r m o s p r a y  n e b u l i z e r  was mi n ima l  and  c o m p a r a b l e  t o  
a UV d e t e c t o r  w i t h  8 >iL f l  ow c e l l .  The c h r o m a t o g r a p h i c  
r e s o l u t i o n  a t t a i n e d  f r om t h e  co lumn was m a i n t a i n e d .  In 
c o m p a r i s o n  t o  d a t a  o b t a i n e d  u s i n g  a UV d e t e c t o r ,  column 
e f f i c i e n c y  was n o t  d e c r e a s e d .
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a
Ai AA D e tec to r  w ith  PN + 0 .8  mm i . d .  x  10 cm tu b in g  
B* AA D e tec to r  w ith  TN 
Ci UV D e tec to r  a t  220 nm
B
F i g u r e  3 5 .  C o m p a r i s o n  o f  P e a k  S h a p e s  f r om D i f f e r e n t  
D e t e c t o r s .  N o t e  i m p r o v e d  p e a k  s h a p e  f rom 
t h e r m o s p r a y  n e b u l i z e r  I n t e r f a c e d  AA (B) o v e r  
p e a k  f r om p n e u m a t i c  n e b u l i z e r  (A)
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Samplei Zinc g lu co n a te  
Column* /i-Bondapak C-18 
M obile Phase* M ethanol/W ater (20*80)  
Volume* 20 jxL  in j e c t io n
im p u rity?
F i g u r e  3 6 .  C o m p a r i s o n  o f  C h r o m a t o g r a m s  f r om 
A) UV d e t e c t o r  a t  220  nm
b)  T h e r m o s r p a y  N e b u l i z e r  F l a me  AAS a s  Z i n c  
S p e c i f i c  D e t e c t o r
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H. Summary
1) The t h e r m o s p r a y  n e b u l i z e r  o f f e r e d  a 5 t o  10 f o l d  
s e n s i t i v i t y  i m p r o v e me n t  c omp ar ed  w i t h  t h e  p n e u m a t i c  
n e b u l i z e r  w i t h  mos t  o f  t h e  e l e m e n t s  s t u d i e d .  The 
s e n s i t i v i t y  i m p r o v e me n t  c a n  be  a t t r i b u t e d  t o  v a r i o u s  
f a c t o r s  s u c h  a s  i m p r o v ed  d r o p l e t  s i z e ,  d e s o l v a t i o n  
e f f e c t s ,  and  t r a n s p o r t a t i o n  e f f i c i e n c y .
2)  The t h e r m o s p r a y  n e b u l i z e r  c an  be  u s e d  a s  an  o n - l i n e  
s a m p l e  p r e c o n c e n t r a t o r  f o r  f l a m e  AA, p r o d u c i n g  a b o u t  
50  f o l d  s e n s i t i v i t y  i n c r e m e n t  w i t h  1 . 0  mL o f  s amp l e  
o v e r  p n e u m a t i c  n e b u l i z e r  s y s t e m .
3)  The t h e r m o s p r a y  n e b u l i z e r  e l i m i n a t e s  many o f  s o l v e n t  
i n t e r f e r e n c e s  e f f e c t s .
4 )  Memory e f f e c t s  w i t h  t h i s  d e s i g n  were  n e g l i g i b l e .
5 )  A f t e r  c o u p l i n g  t o  HPLC, t h e  p eak  b r o a d e n i n g  was 
n e g l i g i b l e  and  c h r o m a t o g r a p h i c  r e s o l u t i o n  was 
m a i n t a i n e d .
6)  The a e r o s o l  g e n e r a t i o n  was I n d e p e n d e n t  o f  t h e  f u e l  
u s e d  and g a s  f l o w  r a t e ,  a l l o w i n g  t h e  e a s y  a d j u s t m e n t  
o f  f l a m e  c h a r a c t e r s  w i t h o u t  a f f e c t i n g  t h e  s i g n a l .
In summary,  t h e s e  f a c t o r s  recommend t h e  t h e r m o s p r a y
n e b u l i z e r  a s  a  good i n t e r f a c i n g  d e v i c e  f o r  LC t o  f l a m e  AAS.
P a r t  II




1.  I n t r o d u c t i o n
M e r c u r y  i s  a u b i q u i t o u s  m e ta l  i n  t h e  e n v i r o n m e n t  and  
i s  known t o  be  a  v e r y  t o x i c  and  c u m u l a t i v e  p o i s o n .  In  o r d e r  
t o  a c c e s s  t h e  t o x i c o 1o g i c a 1 e f f e c t  o f  m e r c u r y  i t  i s  
n e c e s s a r y  t o  m e a s u r e  t h e  m e r c u r y  c o n c e n t r a t i o n  p r e c i s e l y .  
A c c o r d i n g l y ,  v a r i o u s  a n a l y t i c a l  t e c h n i q u e s  have  b een  
d e v e l o p e d  t o  m e a s u r e  m e r c u r y  c o n c e n t r a t i o n  i n  t h e  
e n v i r o n m e n t  and  b i o l o g i c a l  s y s t e m .
The u s e  o f  d i t h i z o n e  i s  t h e  b a s i s  o f  p r o b a b l y  t h e  mos t  
common c o l o r i m e t r i c  me thod  f o r  m e r c u r y  d e t e r m i n a t i o n . 91 
M o n o v a l e n t  and  d i v a l e n t  m e r c u r y  r e a c t  w i t h  d i t h i z o n e  In  
a c i d i c  s o l u t i o n  t o  fo rm y e l l o w  and  o r a n g e  c o m p l e x e s ,  
r e s p e c t i v e l y .  T h i s  me thod  i s  r e l a t i v e l y  s e n s i t i v e  down t o  
low ppm r a n g e .  However ,  i t  s u f f e r s  f rom nume ro us  
i n t e r f e r e n c e s  f r om o t h e r  m e t a l s  s u c h  a s  c o p p e r ,  s i l v e r ,  
p a l l a d i u m ,  e t c .  A l s o ,  t h e  c o m p l e x e s  a r e  l i g h t  s e n s i t i v e  and 
d i s c o l o r  upon e x p o s u r e  t o  t h e  l i g h t .
D i p h e n y l c a r b a z i d e  a l s o  r e a c t s  w i t h  m e r c u r y  t o  fo rm a 
b l u e  v i o l e t  c o m p l e x .  T h i s  i s  more s e n s i t i v e  t h a n  d i t h i z o n e  
t e c h n i q u e ;  h o w ev e r ,  i t  s u f f e r s  f rom i n t e r f e r e n c e s  f rom 
c o p p e r ,  i r o n  and  z i n c ,  e t c .  In g e n e r a l ,  mos t  of  
c o l o r i m e t r i c  m e t h o d s  l a c k  s e n s i t i v i t y ,  s e l e c t i v i t y  and a r e  
s u b j e c t  t o  n ume ro us  i n t e r f e r e n c e s .  B e s i d e s ,  t h e  s a m p l e  
p r e p a r a t i o n  s t e p  and  a n a l y t i c a l  p r o c e s s  a r e  commonly 
c o m p l i c a t e d  a nd  r e q u i r e  a  r e l a t i v e l y  l ong  a n a l y t i c a l  t i m e .
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An i n s t r u m e n t a l  me thod  i s  p r e f e r r e d ,  whe neve r  
a v a i l a b l e ,  b e c a u s e  i t  i s  more s t r a i g h t f o r w a r d  and  l e s s  
s u b j e c t  t o  e r r o r s .  A p o p u l a r  method  i s  t h e  c o l d  v a p o r  
t e c h n i q u e ,  where  m e r c u r y  v a p o r  i s  l i b e r a t e d  f rom t h e  s a m p l e  
s o l u t i o n  by a r e d u c i n g  a g e n t  and  d e l i v e r e d  t o  t h e  
a b s o r p t i o n  c e l l  t o  be d e t e c t e d .  T h i s  i s  e a s y  t o  o p e r a t e  and 
r e l a t i v e l y  s e n s i t i v e ;  h o we v e r ,  i t  s u f f e r s  f rom numerous  
a n a l y t i c a l  i n t e r f e r e n c e s  i n  t h e  p r o c e s s  of  l i b e r a t i n g  and  
t r a n s f e r r i n g  m e r c u r y .
Wh i l e  a  g r a p h i t e  f u r n a c e  AAS i s  a s e n s i t i v e  t e c h n i q u e  
f o r  mos t  of  e l e m e n t s ,  i t  i s  n o t  s a t i s f a c t o r y  f o r  t h e  
d e t e r m i n a t i o n  o f  m e r c u r y  b e c a u s e  o f  t h e  v a p o r i z a t i o n  and 
c h a r r i n g  s t e p s  b e f o r e  t h e  a t o m i z a t i o n  s t e p .  A l a r g e  p o r t i o n  
o f  t h e  v o l a t i l e  m e r c u r y  compounds  i s  l o s t  d u r i n g  t h e s e  
s t e p s .
A h y d r i d e  g e n e r a t i o n  t e c h n i q u e  h a s  b e e n  u s e d  
e x t e n s i v e l y  s i n c e  i t s  f i r s t  a p p l i c a t i o n  t o  t h e  m e a s u r e m e n t s  
o f  a r s e n i c  compounds  by Ho l a k  i n  1 9 6 9 . * 7 I t  e n j o y s  h i g h  
s e n s i t i v i t y  f o r  many h y d r i d e  f o r m i n g  e l e m e n t s ,  i n c l u d i n g  
m e r c u r y .  T y p i c a l l y ,  s od i um t e t r a h y d r o b o r a t e  i s  u s e d  t o  
r e d u c e  t h e  m e r c u r y  t o  m e r c u r y  h y d r i d e ,  w h i c h  i s  d e l i v e r e d  
t o  t h e  a t o m i z e r  by a  s t r e a m  o f  i n e r t  g a s .  T h i s  m e r c u r y  
h y d r i d e  i s  e a s i l y  a t o m i z e d  i n t o  a t o m i c  m e r c u r y .  However ,  
t h i s  t e c h n i q u e  a l s o  s u f f e r s  f rom n ume ro u s  s o u r c e s  o f  e r r o r
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s u c h  a s  c h a n g e s  In  t h e  h y d r i d e  g e n e r a t i n g  r a t e ,  t r a n s f e r  
r a t e ,  d e p e n d e n c e  on t h e  e l e m e n t  v a l e n c e ,  e t c .
F l ame  AAS i s  one  o f  t h e  mos t  commonly u s e d  t e c h n i q u e  
f o r  m e t a l  a n a l y s i s .  F lame AAS i s ,  i n  g e n e r a l ,  e a s y  t o  u s e  
and  l e s s  s u b j e c t  t o  i n t e r f e r e n c e s .  However ,  c o m m er c i a l  
f l a m e  a t o m i z e r s  p r o v i d e  s e n s i t i v i t i e s  o f  7 . 5  ppm87 wh i ch  i s  
n o t  s e n s i t i v e  e no u g h  t o  m e a s u r e  m e r c u r y  c o n c e n t r a t i o n s  i n  
many s a m p l e s .
In p r e v i o u s  s t u d i e s ,  t h e  t h e r m o s p r a y  n e b u l i z e r  was 
u s e d  i n  c o n j u n c t i o n  w i t h  a  no rma l  f l a m e  a t o m i z e r  and  t h e  
M e r c u r y  s e n s i t i v i t y  (196 a b s o r p t i o n )  o f  a b o u t  2 . 0  ppm o r  200 
ng was o b t a i n e d  a t  1 . 5  mL/min of  s o l v e n t  f l o w  r a t e .  T h i s  
i m p r o v e me n t  o v e r  t h e  s y s t e m  u s i n g  a p n e u m a t i c  n e b u l i z e r  can  
be  a t t r i b u t e d  p r i m a r i l y  t o  t h e  i mp ro v ed  a n a l y t e  
t r a n s p o r t a t i o n  e f f i c i e n c y  by t h e  t h e r m o s p r a y  n e b u l i z e r .  
However ,  i t  was s t i l l  n o t  s e n s i t i v e  e nough  t o  d e t e c t  t h e  
m e r c u r y  a t  c o n c e n t r a t i o n s  t y p i c a l l y  f o u n d  i n  t h e  
e n v i r o n m e n t  o r  b i o l o g i c a l  s a m p l e .
The p u r p o s e  of  t h i s  r e s e a r c h  i s  t o  d e v e l o p  a  f l a m e  
a t o m i z e r  t h a t  c a n  p r o v i d e  a  h i g h  s e n s i t i v i t y  f o r  m e r c u r y  
a n a  I y s i s .
D e v e l o p m e n t  o f  a  New A t o m i z e r  f o r  M e r c u r y  D e t e r m i n a t i o n  
Most  m e r c u r y  compounds  h av e  r e l a t i v e l y  weak b o n d i n g  
e n e r g i e s . 89 M er cu r y  compounds  a r e  e x p e c t e d  t o  decompos e
1 4 4
e a s i l y  t o  f r e e  m e r c u r y  a t o m s .  Once d ecompos ed ,  t h e  m e r c u r y  
v a p o r  t e n d s  t o  s t a y  a s  a monomer i c  fo rm w h i c h  i s  t h e  
a v a l l a b l e  f o r m f o r  AAS. Mo r e o ve r ,  m e t a l l i c  m e r c u r y  h a s  a 
low b o i l i n g  p o i n t  ( 3 5 6 . 9  “ Cl and h i g h  v a p o r  p r e s s u r e  ( 18 
mg/Ma a t  24 °C ) . **  I t  would  be  e x p e c t e d  t h e r e f o r e  t h a t  
t h e  s e n s i t i v i t y  o f  m e r c u r y  by f l a m e  AAS s h o u l d  be  much 
h i g h e r  t h a n  i t  i s .
In t h e  norma l  f l a m e  a t o m i z e r  s y s t e m ,  t h e  f l o w  r a t e  of  
t h e  f u e l  and  a i r  m i x t u r e  f l o w  i s  t y p i c a l l y  a b o u t  30 L / m in .  
T h i s  s e e m i n g l y  h i g h  f u e l / a i r  c o n s u m p t i o n  i s  n e c e s s a r y  t o  
e n s u r e  a  c o m p l e t e  d e c o m p o s i t i o n  o f  t h e  s a m p l e .  However ,  t h e  
h i g h  vo lume o f  r e s u l t i n g  c o m b u s t i o n  p r o d u c t s  d i l u t e s  t h e  
a n a l y t e  s i g n i f i c a n t l y .  Bu t ,  h i g h  t h e r m a l  e n e r g y  may n o t  be 
n e c e s s a r y  t o  b r e a k  down m e r c u r y  compounds  s i n c e  t h e y  a r e  
e a s i l y  d eco mp o s ed .
At  h i g h e r  t e m p e r a t u r e  t h e  p o p u l a t i o n  o f  e x c i t e d  o r  
I o n i z e d  m e r c u r y  a tom i s  i n c r e a s e d  w h i l e  t h e  p o p u l a t i o n  of  
t h e  g r o u n d  s t a t e  a tom i s  d e c r e a s e d  a c c o r d i n g  t o  B o l t z m a n n  
d i s t r i b u t i o n  law.  T h e r e f o r e ,  t h e  h i g h  t e m p e r a t u r e  
e n v i r o n m e n t  may n o t  be  d e s i r a b l e  i f  a t o m i c  v a p o r  ha s  
a l r e a d y  b e e n  f o r m e d .  T h i s  s eems  t o  be p a r t i c u l a r l y  t r u e  
w i t h  t h e  m e r c u r y .  R o b i n s o n  e t  a l .  o b s e r v e d  t h a t  a 
p o p u l a t i o n  o f  m e r c u r y  a t o ms  a b s o r b e d  t h e  r e s o n a n c e  l i n e  
s t r o n g e r  a t  room t e m p e r a t u r e  t h a n  a t  900 ° C . ”
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In t h e  d e v e l o p i n g  o f  a new f l a m e  a t o m i z e r  f o r  m e r c u r y  
compounds ,  t h e  f o l l o w i n g  a s s u m p t i o n s  were  made:
1) The e x c e s s  t h e r m a l  e n e r g y  i s  n o t  n e c e s s a r y  t o  a t o m i z e
m e r c u r y  compounds  and  may be u n d e s i r a b l e .  A s m a l l e r  
f l a m e  c a n  be u s e d  t o  decompos e  m e r c u r y  compounds  
e f f e c t i v e l y .  The d i l u t i o n  e f f e c t  w i l l  be  much s m a l l e r  
w i t h  a  s m a l l  f l a m e .
2)  The o u t e r  s e c o n d a r y  c o m b u s t i o n  z o n e  o f  t h e  f l a m e  has  a
g r e a t e r  p o p u l a t i o n  of  g r o u n d  s t a t e  m e r c u r y  a t oms  t h a n
t h e  p r i m a r y  c o m b u s t i o n  z o n e .  Th u s ,  t h e  o u t e r  s e c o n d a r y  
c o m b u s t i o n  z o n e  s h o u l d  be  a more s u i t a b l e  l o c a t i o n  t o  
m e a s u r e  t h e  m e r c u r y  t h a n  t h e  p r i m a r y  c o m b u s t i o n  z o n e ,
3)  M e r c u r y  compounds ,  o n c e  a t o m i z e d ,  a r e  n o t  o x i d i z e d
e a s i l y  i n  t h e  h i g h  t e m p e r a t u r e  o f  t h e  f l a m e .  Thus  a
f l a m e  a d a p t o r  c a n  be  u s e d  t o  a c c u m u l a t e  t h e  m e r c u r y  
v a p o r  and  t o  i n c r e a s e  l i g h t  p a t h  l e n g t h .
The f l a m e  p r o f i l e  o f  m e r c u r y  o b t a i n e d  u s i n g  a t h r e e  
s l o t  b u r n e r  h ead  and  a  t h e r m o s p r a y  n e b u l i z e r  i s  shown i n  
F i g u r e  37 .  The f l a m e  c o m p o s i t i o n  was u n c h a n g e d  d u r i n g  t h e  
m e a s u r e m e n t s .
I t  was o b s e r v e d  t h a t  a f t e r  r e a c h i n g  t h e  maximum AA 
s i g n a l ,  t h e  s i g n a l  s t a y e d  r e l a t i v e l y  c o n s t a n t  a l o n g  t h e  
h e i g h t  of  t h e  f l a m e -  I f  t h e  e f f e c t s  o f  d i l u t i o n  and 
d i f f u s i o n  o f  m e r c u r y  a tom o u t  o f  t h e  l i g h t  p a t h  a r e
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i n c l u d e d ,  t h e  o u t e r  s e c o n d a r y  f l a m e  mus t  c o n t a i n  more 
a v a i l a b l e  m e r c u r y  a t o ms  t h a n  p r i m a r y  c o m b u s t i o n  z o n e .
1 4 8
2.  E x p e r i m e n t a l
A. E q u i p m e n t s
1) At omi c  A b s o r p t i o n  S p e c t r o m e t e r :  P e r k i n  El mer  At omi c  
A b s o r p t i o n  S p e c t r o m e t e r  model  306 .
2)  R a d i a t i o n  S o u r c e :  D e m o u n t a b l e  h o l l o w  c a t h o d e  lamp 
b u i l t  i n  t h e  l a b .  I t  was o p e r a t e d  a t  15 mA and  2 5 3 . 6  
nm m e r c u r y  l i n e  was u s e d .
3)  S o l v e n t  D e l i v e r y  S y s t e m :  P e r k i n  E l mer  High P e r f o r m a n c e  
L i q u i d  C h r o m a t o g r a p h y  s o l v e n t  d e l i v e r y  s y s t e m  model  
S e r i e s  2 e q u i p p e d  w i t h  two s i n u s o i d a l  d ua l  p i s t o n  
pump.
4)  Sample  I n j e c t o r :  Rheodyne  7125 s a m p l e  i n j e c t o r  w i t h  
100 J&L s a m p l e  l o o p .  F o r  a  c o n t i n u o u s  and  s t e a d y  
s i g n a l ,  1 . 0  mL l o o p  was u s e d .
5 )  R e c o r d e r :  The o u t p u t  f rom f l a m e  AAS was r e c o r d e d  on a 
S a r g e n t  Welch XKR c h a r t  r e c o r d e r .
6)  Sample  I n t r o d u c t i o n  S y s t e m :  The t h e r m o s p r a y  n e b u l i z e r  
d e s c r i b e d  p r e v i o u s l y  was u s e d .
7)  F l ame  A d a p t o r :  D i a g r a m s  o f  q u a r t z  T t u b e  and e x t e n s i o n  
t u b e s  u s e d  a r e  shown i n  F i g u r e  38 .
M e r c u r y  s a m p l e  and  s o l v e n t  we re  t r a n s p o r t e d  f rom t h e
i n j e c t o r  t o  t h e  t h e r m o s p r a y  n e b u l i z e r  t h r o u g h  a  0 . 1 5  mm









F i g u r e  3 8 .  Q u a r t z  T F lame  A d a p t o r  ( a )  and  
E x t e n t i o n  T u b es  ( b )  <c)
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B. R e a g e n t s
Hg s t  ock s o l u t i o n s ,  1 , 0 0 0  ppm, was p r e p a r e d  by 
d i s s o l v i n g  1 . 3 5 4  g o f  m e r c u r i c  c h l o r i d e  ( o b t a i n e d  f rom 
A l l i e d  Ch em i ca l  & Dye C o . ,  N . Y , ,  N . Y. )  i n  w a t e r  and 
d i l u t i n g  t o  1 , 0  L. D i s t i l l e d  d e i o n i z e d  w a t e r  was u s e d .
A i r - a c e t y l e n e  f l a m e  was u s e d  t h r o u g h o u t  t h i s  e n t i r e  
s t u d y .  The f l a m e  was a d j u s t e d  t o  p r o d u c e  an  o x i d i z i n g  
f 1a me . .
C. C o n s t r u c t i o n  o f  B u r n e r  h ead
A s c h e m a t i c  d i a g r a m  o f  t h e  b u r n e r  h ead  u s e d  i n  t h i s  
s t u d y  i s  shown i n  F i g u r e  39 ,
A s e r i e s  o f  h o l e s  o f  0 . 7  mm d i a m e t e r  were  d r i l l e d  on a
1 . 0  cm t h i c k  and  7 . 0  cm i n  d i a m e t e r  b r a s s  d i s k  i n  a  c i r c l e  
o f  1 . 8  cm d i a m e t e r .  The h o l e s  we r e  s e p a r a t e d  by 1 mm. The 
c e n t e r  o f  t h e  b r a s s  d i s k  was d r i l l e d  a  0 . 8  cm d i a m e t e r  h o l e  
f o r  t h e  s a m p l e  p a s s a g e  t o  t h e  f l a m e .
The f l a m e  c o n s i s t e d  o f  s m a l l  c o n e s  s u s t a i n e d  a t  e a c h  
h o l e .  The p r i m a r y  c o m b u s t i o n  z o n e  was l o c a t e d  a t  e a c h  h o l e  
b u t  s e c o n d a r y  c o m b u s t i o n  z on e  f o r med  a  homogeneous  c i r c u l a r  
f l a m e .
D. C o n s t r u c t i o n  o f  A t o m i z e r  Sys tem
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Burner S lo t s
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S id e  View o f  B urner Head
F i g u r e  3 9 .  C i r c u l a r  F l ame  B u r n e r  Head d e v e l o p e d  f o r  
M e r c u r y  A n a l y s i s
4
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The s c h e m a t i c  d i a g r a m  o f  t h e  a t o m i z e r  s y s t e m  i s  shown 
i n  F i g u r e  AO.
The b u r n e r  head  was p l a c e d  on t h e  t o p  o f  t h e  
t h e r m o s p r a y  n e b u l i z e r  wh i ch  was p l a c e d  on t h e  a luminum 
h o l d e r .  The p o s i t i o n  o f  t h e  t h e r m o s p r a y  n e b u l i z e r  was 
a d j u s t e d  v e r t i c a l l y  i n  t h e  h o l d e r  t o  o p t i m i z e  t h e  amount  of 
v a p o r / a e r o s o l  i n t a k e .  The g e n e r a t e d  j e t  o f  v a p o r / a e r o s o l  
m i x t u r e  p a s s e d  t h r o u g h  t h e  c e n t r a l  s a m p l e  i n t a k e  h o l e  o f  
t h e  b u r n e r  t o  t h e  f l a m e .  The q u a r t z  T t u b e  was p l a c e d  a b o u t
3 . 0  cm a b o v e  t h e  b u r n e r  h e a d .  I t  was n o t e d  t h a t  t h e r e  had 
t o  be  a minimum d i s t a n c e  b e t w e e n  t h e  b u r n e r  a nd  t h e  q u a r t z  
T t u b e  t o  a l l o w  f r e e  a i r  e n t r a i n m e n t ;  o t h e r w i s e ,  i t  c a u s e d  
a n  a u d i b l e  n o i s e  a s  w e l l  a s  f l a m e  i n s t a b i l i t y .  F u e l  and  a i r  
we r e  p r e m i x e d  i n  t h e  P e r k i n  El mer  b u r n e r  s p r a y  chamber  
b e f o r e  i n t r o d u c t i o n  t o  t h e  c i r c u l a r  b u r n e r .
E. E x p e r i m e n t a l  P r o c e d u r e
A f t e r  o p t i m i z i n g  t h e  p a r a m e t e r s  o f  t h e  f l a m e  AAS and 
t h e  p o s i t i o n  of  q u a r t z  T t u b e ,  AA s i g n a l  was o b s e r v e d  a s  a 
f u n c t i o n  o f  t h e  e n e r g y  i n p u t  l e v e l  a p p l i e d  t o  t h e  
t h e r m o s p r a y  n e b u l i z e r .  One mL o f  10 ppm m e r c u r y  was 
i n j e c t e d  a t  i . O  mL/min o f  s o l v e n t  f l o w  and  AA s i g n a l  was 
r e c o r d e d .  The e n e r g y  t o  t h e  t h e r m o s p r a y  n e b u l i z e r  was 
i n c r e a s e d  s t e p w i s e  and AA s i g n a l  was r e c o r d e d  s u b s e q u e n t l y .
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Quartz Window
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F i g u r e  4 0 .  C i r c u l a r  F l a me  A t o m i z e r  S y s t e m .
Sa mp l e  I s  i n t r o d u c e d  t h r o u g h  a  t h e r m o s p r a y  
n e b u l i z e r  t o  t h e  c i r c u l a r  f l a m e .  A t o m i ze d  
m e r c u r y  i s  c o l l e c t e d  by t h e  f l a m e  a d a p t o r  t o  
be  a b s o r b e d .
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The e x p e r i m e n t s  we r e  r e p e a t e d  a t  2 . 0  mL/min of  s o l v e n t  f l o w 
r a t e .
A f t e r  s e l e c t i n g  t h e  o p e r a t i n g  c o n d i t i o n  f o r  t h e  
t h e r m o s p r a y  n e b u l i z e r  a t  e a c h  s o l v e n t  f l o w  r a t e ,  t h e  
f u e l / a i r  f l o w  r a t e  was v a r i e d  t o  o b s e r v e  t h e  e f f e c t  o f  
f l a m e  s i z e  on t h e  AA s i g n a l .  The t o t a l  g a s  f l o w  r a t e  was 
m e a s u r e d  by m e a s u r i n g  t h e  d i s p l a c e m e n t  t i m e  o f  1 . 0  L o f  
w a t e r  i n  f l a s k  w i t h  g a s e s ,  i g n o r i n g  t h e  s o l u b i l i t y  o f  g a s e s  
i n  w a t e r .
The e f f e c t  o f  t h e  s o l v e n t  f l o w  r a t e  on AA s i g n a l  was 
o b s e r v e d .  The s i g n a l  s t a b i l i t y  and  s e n s i t i v i t y  s t u d y  was 
m e a s u r e d  a t  1 . 0  mL/min s o l v e n t  f l o w  r a t e .
An a t t e m p t  was made t o  o b s e r v e  t h e  e f f e c t  o f  t h e  
l e n g t h  o f  v e r t i c a l  t u b e  o f  t h e  f l a m e  a d a p t o r  on t h e  AA 
s i g n a l .  The t h e r m o s p r a y  n e b u l i z e r  and  g a s  f l o w  r a t e  were  
o p t i m i z e d  f o r  1 . 0  mL/min s o l v e n t  f l o w  r a t e  and  was 
u n c h a n g e d .  The e x t e n s i o n  t u b e  was c o n n e c t e d  t o  t h e  q u a r t z  T 
t u b e  and  AA s i g n a l s  we r e  o b s e r v e d  and  c o m p a r e d .
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3.  R e s u l t s  and D i s c u s s i o n s
a )  E f f e c t  o f  E n e r g y  I n p u t  on AA s i g n a l
As d i s c u s s e d  e a r l i e r ,  t h e  e n e r g y  i n p u t  t o  t h e  
t h e r m o s p r a y  n e b u l i z e r  i s  d i r e c t l y  r e l a t e d  t o  t h e  d e g r e e  of  
v a p o r i z a t i o n  wh ic h  i n  t u r n  c o n t r o l l e d  t h e  a e r o s o l  
p r o p e r t i e s .  The a e r o s o l  p r o p e r t i e s  s u c h  a s  d r o p l e t  s i z e  and 
s i z e  d i s t r i b u t i o n  i n f l u e n c e  t h e  AA s i g n a l  g r e a t l y .  
T h e r e f o r e ,  t h e  e n e r g y  i n p u t  t o  t h e  t h e r m o s p r a y  n e b u l i z e r  
c o n t r o l s  t h e  AA s i g n a l  d i r e c t l y .
I t  was o b s e r v e d  p r e v i o u s l y  t h a t  a s  t h e  e n e r g y  i n p u t  t o  
t h e  t h e r m o s p r a y  n e b u l i z e r  i n c r e a s e d ,  t h e  AA s i g n a l  was 
i n c r e a s e d  p a r a b o 11 c a 11y and  t h e n  d r o p p e d  down t o  n e a r  z e r o  
a t  s u p e r h e a t e d  v a p o r  c o n d i t i o n .  A s i m i l a r  r e s p o n s e  c u r v e  
was o b t a i n e d  w i t h  m e r c u r y  a s  shown i n  F i g u r e  41.
However ,  t h e  e n e r g y  i n p u t  r e s p o n s e  c u r v e  w i t h  t h e  
c i r c u l a r  b u r n e r  s y s t e m  was somewhat  d i f f e r e n t  f rom t h e  
o r d i n a r y  b u r n e r  s y s t e m  a s  shown i n  F i g u r e  41 ,  i n  w h i c h  n o t  
o n l y  much i mp r o v e d  s e n s i t i v i t y  of  t h e  c i r c u l a r  b u r n e r  
s y s t e m  was o b t a i n e d  b u t  a l s o  t h e  maximum AA s i g n a l  was 
o b t a i n e d  a t  somewha t  l ower  e n e r g y  i n p u t  l e v e l  t h a n  t h e  
o r d i n a r y  b u r n e r .  M o r e ov e r ,  t h e  AA s i g n a l  d e c r e a s e d  s l o w l y  
a s  t h e  e n e r g y  i n p u t  i n c r e a s e d ,  w h i l e  t h e  AA s i g n a l  w i t h  
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At a low e n e r g y  i n p u t  t o  t h e  t h e r m o s p r a y  n e b u l i z e r ,  
t h e  AA s i g n a l  was low b e c a u s e  of  t h e  i n e f f i c i e n c y  o f  
g e n e r a t i n g  a e r o s o l s .  The b i g  d r o p l e t s  p r o d u c e d  p a s s e d  
t h r o u g h  t h e  f l a m e  w i t h o u t  b e i n g  d e s o l v a t e d .  The r e s u l t s  
were  i n e f f i c i e n t  a t o m i z a t i o n  and low AA s i g n a l .  As t h e  
e n e r g y  i n p u t  i n c r e a s e d ,  a  g r e a t e r  f r a c t i o n  of  l i q u i d
s a m p l e s  was v a p o r i z e d  and  e me r ge d  a s  f i n e r  d r o p l e t s .  AA
s i g n a l  was i n c r e a s e d  a s  t h e  e n e r g y  i n p u t  i n c r e a s e d .
Mea nwh i l e ,  i t  was n o t i c e d  t h a t  a t  i n c r e a s e d  e n e r g y  
i n p u t ,  t h e  e m e r g i n g  v a p o r  v e l o c i t y  i n c r e a s e d  a l s o .  T h i s  
c a u s e d  t h e  a e r o s o l  t o  p a s s  t h r o u g h  t h e  f l a m e  r a p i d l y  
w i t h o u t  b e i n g  decompos ed  e f f i c i e n t l y .  B e c a u s e  o f  t h e  s h o r t  
d i s t a n c e  b e t w e e n  t h e  t h e r m o s p r a y  n e b u l i z e r  and t h e  b u r n e r  
h e a d ,  t h e  f l a m e  i n  t h e  c i r c u l a r  b u r n e r  was d i s t u r b e d  
s i g n i f i c a n t l y  by t h e  f a s t  moving  e m e r g i n g  g a s e s .  Above a  
c e r t a i n  e n e r g y  i n p u t ,  t h e  b e n e f i t  f rom t h e  f i n e  d r o p l e t  o f
a e r o s o l  was c a n c e l l e d  o u t  by t h e  e f f e c t  f rom t h e  h i g h
e m e r g i n g  v e l o c i t y .  The AA s i g n a l  s t a y e d  c o n s t a n t  when t h e s e  
two e f f e c t s  we re  b a l a n c e d .  When t h e  e f f e c t  f rom t h e  r a p i d  
e m e r g i n g  v e l o c i t y  s u p e r c e d e d  t h e  d r o p l e t  s i z e  e f f e c t ,  t h e  
s i g n a l  d e c r e a s e d  s l o w l y  w i t h  a n  i n c r e a s e d  e n e r g y  i n p u t .
F o r  opt imum o p e r a t i o n a l  c o n d i t i o n ,  t h e  e n e r g y  i n p u t  
was a d j u s t e d  t o  t h e  v a l u e  y i e l d i n g  t h e  maximum s i g n a l .
b)  E f f e c t  o f  Gas f l o w  r a t e  (F l ame  S i z e )
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F i g u r e  42 d e p i c t s  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  AA 
s i g n a l  o f  10 ppm Hg s o l u t i o n  t o  t h e  t o t a l  g a s  f l o w .  The 
m e a s u r e m e n t  was made a t  75 w a t t  and  a t  1 . 0  mL/min o f  w a t e r  
f l o w  r a t e .
At  gas  f l o w  be l ow 3 L / mi n  t h e  f l a m e  was so  s m a l l  t h a t  
t h e  f l a m e  was u n s t a b l e  when t h e  t h e r m o s p r a y  n e b u l i z e r  
s p r a y e d  t h e  a e r o s o l  i n t o  t h e  f l a m e .  C o n s e q u e n t l y ,  t h e  AA 
s i g n a l  was u n s t a b l e .  At  t h e  ga s  f l o w  r a t e  o f  3 L / mi n ,  t h e  
AA s i g n a l  became s t a b l e  b u t  was low b e c a u s e  t h e  f l a m e  
t h e r m a l  e n e r g y  was p r o b a b l y  n o t  e no ug h  t o  decompos e  t h e  
s a m p l e  e f f i c i e n t l y .  The e m e r g i n g  a e r o s o l  p a s s e d  t h r o u g h  t h e  
f l a m e  w i t h o u t  b e i n g  a t o m i z e d  e f f i c i e n t l y .  As t h e  f u e l  ga s  
f l o w  i n c r e a s e d  t h e  f l a m e  s i z e  grew b i g g e r .  B e c a u s e  o f  
i n c r e a s e d  t h e r m a l  e n e r g y ,  t h e  m e r c u r y  s a m p l e  was a t o m i z e d  
more  e f f i c i e n t l y .  The i n c r e a s e d  AA s i g n a l  was o b s e r v e d  
a c c o r d i n g l y .  The maximum AA s i g n a l  was o b s e r v e d  a t  a f u e l  
g a s  f l o w  o f  a b o u t  5 t o  7 L / m i n .  As t h e  g a s  f l o w  e x c e e d e d  
t h i s  v a l u e  t h e  AA s i g n a l  d e c r e a s e d  s l o w l y .  I t  was a s s u me d  
t h a t  a t  t h i s  f l o w  r a t e ,  t h e  f l a m e  t h e r m a l  e n e r g y  was enough  
t o  d ecompos e  t h e  s a m p l e ;  t h u s ,  t h e  i n c r e a s e d  t h e r m a l  e n e r g y  
b ey o n d  t h i s  p o i n t  d i d  n o t  h e l p  t h e  a t o m i z a t i o n .  B e s i d e s ,  
t h e  l a r g e r  f l a m e s  p r o d u c e d  l a r g e r  vo l ume s  o f  c o m b u s t i o n  
p r o d u c t s  and  e n t r a i n e d  more a i r  t o  d i l u t e  t h e  m e r c u r y  














































r e s i d e n c e  t i m e  i n  t h e  l i g h t  p a t h .  A l l  t h e s e  f a c t o r s  s i m p l y  
worked  a g a i n s t  a n  i m p r o v em e n t  i n  AA s e n s i t i v i t y .
c )  S i g n a l  S t a b i l i t y
F i g u r e  43 shows t h e  s i g n a l  o b t a i n e d  w i t h  t h i s  s y s t e m  
i n  c o m p a r i s o n  w i t h  t h e  o r d i n a r y  b u r n e r  s y s t e m .
As shown,  t h e  c i r c u l a r  b u r n e r  s y s t e m  p r o d u c e d  much 
more  s t a b l e  s i g n a l  t h a n  a  norma l  f l a m e  a t o m i z e r .  An 
i m p r o v e d  s i g n a l  t o  n o i s e  r a t i o  was o b t a i n e d .  However ,  t h e  
s i g n a l  s t a b i l i t y  d e p e n d e d  on t h e  s t a b i l i t y  o f  t h e  l i q u i d  
d e l i v e r y  pump, s i n c e  t h e  t h e r m o s p r a y  n e b u l i z e r  was 
s e n s i t i v e  t o  pump p u l s a t i o n .
The c a l i b r a t i o n  c u r v e  i s  shown i n  F i g u r e  44 .  The 
p r e c i s i o n  was l e s s  t h a n  5 % RSD.
d)  E f f e c t  o f  S o l v e n t  Flow R a t e
The AA s i g n a l  a t  iO ppm o f  m e r c u r y  was m e a s u r e d  a s  a 
f u n c t i o n  o f  s o l v e n t  f l o w  r a t e .  The o p e r a t i n g  c o n d i t i o n s  a r e  










F i g u r e  43.  Compar i son of  Hg S i g na l  from D i f f e r e n t  Atomize r s  
A: C i r c u l a r  Flame At omi ze r ,  [Hg] = 5 . 0  ppm 
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T a b l e  13.  O p e r a t i n g  C o n d i t i o n s  o f  C i r c u l a r  Flame 
A t o m i z e r  S y s t e m a t  D i f f e r e n t  S o l v e n t  Flow R a t e
S o l v e n t  Flow R a t e E n e r g y  I n p u t Gas Flow R a t e
0 . 5  - 1 . 0  mL/min 60 Wat t 5 . 0  L/ min
1 . 0  -  2 . 0  mL/min 75 Wat t 6 . 0  L / mi n
2 . 0  -  3 . 0  mL/min 90 Wat t 7 . 0  L/ min
F i g u r e  45 shows t h e  AA s i g n a l  o b t a i n e d  f rom 0 . 5  mL/min 
t o  3 . 0  mL/min o f  s o l v e n t  f l o w .
Due t o  t h e  d e s i g n  o f  t h e  t h e r m o s p r a y  n e b u l i z e r  and 
pump p u l s a t i o n ,  t h e  v a p o r i z a t i o n  was n o t  s t a b l e  a t  s o l v e n t  
f l o w  r a t e  l ower  t h a n  0 . 5  mL/min.  Thus t h e  AA s i g n a l  was 
r e l a t i v e l y  u n s t a b l e .  At  h i g h e r  s o l v e n t  f l o w  r a t e ,  t h e  AA 
s i g n a l  d e v i a t e d  f rom t h e  l i n e a r i t y  due  t o  i m p r o p e r  a e r o s o l  
g e n e r a t i o n  by t h e  t h e r m o s p r a y  n e b u l i z e r  and  t h e  s h o r t  
r e s i d e n c e  t i m e  by t h e  s o l v e n t  e x p a n s i o n  upon v a p o r i z a t i o n .
e )  E f f e c t  o f  t h e  L e n g t h  o f  t h e  V e r t i c a l  E x t e n s i o n  Tube
In t h i s  s t u d y  t h e  m e r c u r y  s a m p l e  was a t o m i z e d  by t h e  
f l a m e  and  e n t e r e d  t h e  v e r t i c a l  s t em o f  q u a r t z  T t u b e .  Then 
t h e  m e r c u r y  was d e l i v e r e d  t o  t h e  h o r i z o n t a l  t u b e  where  t h e  
a b s o r p t i o n  t o o k  p l a c e .  The v e r t i c a l  s t e m  of  t h e  t u b e  a c t e d  
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r e d u c e  t h e  t e m p e r a t u r e  o f  t h e  p l a c e  whe r e  t h e  a b s o r p t i o n  
t o o k  p l a c e .
The e f f e c t  o f  t h e  l e n g t h  o f  t h e  v e r t i c a l  t u b e  on AA 
s i g n a l  was e x a m i n e d .  The r e s u l t s  a r e  l i s t e d  i n  T a b l e  14.
T a b l e  14.  E f f e c t  o f  V e r t i c a l  E x t e n s i o n  Tubes  on Hg 
S e n s i t i v i t y ,  10 ppm o f  Hg S o l u t i o n  was u s e d  a t  1 . 0  
mL/min
Fl ame  A d a p t o r C o m b i n a t i  on S i g n a l S e n s i t i v i t y Temp*
Q u a r t z  T t u b e  
Q u a r t z  T t u b e  
Q u a r t z  T t u b e  
Q u a r t z  T t u b e
on 1 y 
+ A*
+ B*
+ h e a t i n g  +
0 . 2 1  
0 . 2 3  
0 . 3 0  2 
B 0 . 3 1
0 . 2 0  ppm 
0 . 1 9  ppm 
0 . 1 6  ppm 





1 : T e m p e r a t u r e  a t  c r o s s  j u n c t i o n  o f  t h e  q u a r t z  T t u b e
2 : S i g n a l  was u n s t a b l e
• : s e e  F i g .  38 f o r  d e s c r i p t i o n s
The e x t e n d e d  v e r t i c a l  t u b e  gave  an  i n c r e a s e d  AA 
s i g n a l .  The e x t e n s i o n  t u b e  B gave  b e t t e r  s i g n a l  i m p r o v e me n t  
t h a n  t u b e  A. The p o s s i b l e  r e a s o n  was t h e  d e c r e a s e d  v e l o c i t y  
o f  t h e  c o m b u s t i o n  p r o d u c t s  b e c a u s e  o f  n a r r o w  t u b e  d i a m e t e r .
The p r o b l e m  w i t h  e x t e n s i o n  t u b e  B may be  t h a t  t h e  
t e m p e r a t u r e  o f  t h e  h o r i z o n t a l  t u b e  was t o o  low ( a b o u t  150 
" C ) .  Wa t e r  v a p o r '  t e n d e d  t o  c o n d e n s e  upon  c o l l i s i o n  w i t h  
c o l d  a i r  o r  c o l d  q u a r t z  window.  The h o r i z o n t a l  t u b e  was 
h e a t e d  t o  400  "C u s i n g  a  h e a t i n g  t a p e .
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T h i s  e l i m i n a t e d  t h e  p r o b l e m  of  v a p o r  c o n d e n s a t i o n .  The 
g e n e r a l  p r o b l e m s  a s s o c i a t e d  w i t h  t h e  e x t e n s i o n  t u b e  were  
t h e  b i g  d ead  volume and  t h e  p o s s i b l e  memory e f f e c t s .  T h i s  
may be i n v e s t i g a t e d  f u r t h e r  a t  a  l a t e r  d a t e .
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4 .  C o n c l u s i o n s
A c i r c u l a r  f l a m e  b u r n e r  s y s t e m  i n  c o n j u n c t i o n  w i t h  
q u a r t z  T t u b e  was d e v e l o p e d  f o r  t h e  m e r c u r y  a n a l y s i s .  A 
much s m a l l e r  f l a m e  was u s e d  t o  a t o m i z e  t h e  m e r c u r y  s a m p l e .
The a t o m i z e d  m e r c u r y  v a p o r  was i n t r o d u c e d  t h r o u g h  t h e  
v e r t i c a l  s t em o f  q u a r t z  T t u b e  and  d e l i v e r e d  t o  t h e  
h o r i z o n t a l  t u b e  by t h e  c o m b u s t i o n  ga s  p r o d u c t s .  The 
a b s o r p t i o n  t o o k  p l a c e  a t  t h e  h o r i z o n t a l  t u b e  l o c a t e d  a bo v e  
t h e  f l a m e .  The t h e r m o s p r a y  n e b u l i z e r  was u s e d  t o  i n t r o d u c e  
t h e  m e r c u r y  s a m p l e  t o  t h e  c i r c u l a r  b u r n e r .
The s e n s i t i v i t y  i n c r e m e n t  w i t h  t h i s  s y s t e m  was 0 . 2  ppm 
a t  1 . 0  mL/min s o l v e n t  f l o w  r a t e  and 0 . 1 2  ppm a t  2 . 0  mL/min 
s o l v e n t  f l o w  r a t e ,  wh i ch  was a b o u t  two o r d e r s  o f  
s e n s i t i v i t y  i n c r e m e n t  o v e r  c o n v e n t i o n a l  f l a m e  b u r n e r  
s y s t e m .  The v a r i o u s  f a c t o r s  were  a t t r i b u t e d  t o  t h e  
s e n s i t i v i t y  i m p r o v e me n t  s u c h  a s  a h i g h  a n a l y t e  
t r a n s p o r t a t i o n ,  a n  e l o n g a t e d  l i g h t  p a t h ,  r e d u c e d  d i l u t i o n  
by f l a m e  c o m b u s t i o n  p r o d u c t s  and  o b s e r v a t i o n  o f  t h e  o u t e r  
f l a m e  z o n e .
PART I I I
APPLICATION OF THERMOSPRAY NEBULIZER FLAME AAS SYSTEM TO 
THE STUDY OF THE MERCURY UPTAKE FROM AQUEOUS SOLUTION BY 




1.  I n t r o d u c t i o n
Duckweed i s  a s m a l l  v a s c u l a r  p l a n t  f l o a t i n g  on s h a l l o w  
s t a t i o n a r y  o r  s l o w f l o w i n g  f r e s h  w a t e r .  T h i s  p l a n t  e x h i b i t s  
r a p i d  m e t a l  u p t a k e ,  p a r t i c u l a r l y  of  h e a v y  m e t a l s ,  and  h i g h  
b i o a c c u m u l a t i o n 9 9 . Many s t u d i e s  on t h e  e f f e c t i v e n e s s  o f  
duckweed  i n  r e m o v i n g  p o l l u t a n t s  i n c l u d i n g  h e a v y  m e t a l s  f rom 
t h e  w a t e r  h av e  b e e n  p u b l i s h e d 93 9 6 . T h e s e  s t u d i e s  were  
f o c u s e d  m a i n l y  i n  t h e  f o l l o w i n g  a r e a :
11 The u s e  o f  duckweed  a s  a n  i n d i c a t o r  o f  w a t e r  
p o l l u t i o n  and  t h e  a b s o r p t i o n  o f  p o l l u t a n t s .
2)  The u s e  o f  duckweed  a s  a s c a v e n g e r  o f  p o l l u t a n t s  i n  
t h e  e n v i r o n m e n t .
3)  To make duckweed  grow h e a l t h i l y  and  q u i c k l y  f o r  u s e  
a s  a  f e e d  s u p p l e m e n t  f o r  a q u a t i c  and  t e r r e s t r i a l  
a n i m a l  s t o c k s  a n d / o r  e n e r g y  e f f i c i e n t  f a r m i n g .
4)  To s t u d y  t h e  t o x i c i t y  o f  h e a v y  m e t a l s  on p l a n t s  and 
o t h e r  o r g a n i s m s .
Nasu e t  al .97 o b s e r v e d  t h a t  n e u t r a l  pH, d i l u t i o n  o f  t h e  
medium,  and  i n c r e a s e d  t e m p e r a t u r e  we r e  e f f e c t i v e  i n  
p r o m o t i n g  t h e  r a p i d  a b s o r p t i o n  o f  m e t a l s  by duckweed .  They 
a l s o  f o u n d  t h a t  i f  two d i f f e r e n t  m e t a l  i o n s  w e r e  p r e s e n t  i n  
t h e  medium t h e  t o x i c  e f f e c t  o f  e a c h  m e t a l  was a d d i t i v e  i n  
g e n e r a l . However ,  t h e  a b s o r p t i o n  o f  c o p p e r  a p p e a r e d  t o  be 
l e s s  i n f l u e n c e d  by t h e  p r e s e n c e  o f  o t h e r  m e t a l  i o n s ,  b u t
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t h a t  o f  o t h e r  m e t a l  i o n s  w e r e  i n f l u e n c e d  more by t h e  
p r e s e n c e  o f  c o p p e r  i o n .
T a n a k a  e t  a l .  o b s e r v e d  t h a t  t h e  a d d i t i o n  o f  c o m p l e x i n g  
a g e n t s  s u c h  a s  HDTA, s a l i c y l i c  a c i d  and  ammonium i o n  t o  t h e  
medium s u p p r e s s e d  t h e  c o p p e r  u p t a k e  by duckweed .  S i m i l a r  
r e s u l t s  we r e  r e p o r t e d  by Nasu e t  a l .  B e s i d e s ,  t h e y  o b s e r v e d  
t h a t  t h e  e f f e c t  o f  HDTA on t h e  m e t a l  u p t a k e  s u p p r e s s i o n  
v a r i e d  g r e a t l y  d e p e n d i n g  on t h e  i n d i v i d u a l  m e t a l .  T a k i m o t o  
a nd  T a n a k a 98 d i d  n o t  o b s e r v e  s u p p r e s s i o n  o f  m e r c u r y  u p t a k e  
when t h e  s t o i c h i o m e t r i c  amoun t  o f  EDTA was a d d e d  t o  t h e  
medium.
Many o t h e r  s t u d i e s  on t h e  m e t a l  u p t a k e  a nd  t h e  e f f e c t  
of  v a r i o u s  c o m p l e x i n g  a g e n t s  were  p u b l i s h e d .  However ,  
r e p o r t e d  s t u d i e s  o f  m e r c u r y  w i t h  duckweed a r e  r a r e .  T h i s  i s  
s u r p r i s i n g  c o n s i d e r i n g  t h e  s i g n i f i c a n c e  o f  m e r c u r y  i n  t h e  
e n v i r o n m e n t .
In t h i s  s t u d y ,  t h e  u p t a k e  o f  m e r c u r y  by duckweed  f rom 
a q u e o u s  s o l u t i o n  was s t u d i e d  u s i n g  a  t h e r m o s p r a y  n e b u l i z e r  
f l a m e  AAS s y s t e m .  The e f f e c t s  o f  pH, v a r i o u s  c o n c e n t r a t i o n s  
o f  c o p p e r ,  1 . 0  mM EDTA a s  w e l l  a s  humic  a c i d  a s  a  
c o m p l e x i n g  a g e n t  on t h e  m e r c u r y  u p t a k e  w e r e  a l s o  s t u d i e d .
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2 .  E x p e r i m e n t a l
A. E q u i p m e n t s
1. AAS: P e r k i n - E l m e r  370A a t o m i c  a b s o r p t i o n  s p e c t r o m e t e r  
w i t h  t h e r m o s p r a y  n e b u l i z e r  was u s e d  f o r  t h e  m e a s u r e m e n t s  of  
t h e  m e t a l  c o n c e n t r a t i o n s .  A c i r c u l a r  a t o m i z e r  s y s t e m  w i t h  
q u a r t z  T f l a m e  a d a p t o r  i n  c o n j u n c t i o n  w i t h  a  P e r k i n  E l mer  
306 AAS was u s e d  f o r  t h e  m e a s u r e m e n t  o f  m e r c u r y .
2.  A Ch emcade t  d i g i t a l  pH m e t e r  was u s e d  f o r  t h e  pH 
m e a s u r e m e n t .
3 .  S o l v e n t  D e l i v e r y  S y s t e m :  P e r k i n  E l mer  HPLC pump model 
S e r i e s  2 .  Rheodyne  7125 i n j e c t o r  w i t h  100 jlkL s a m p l e  l oop  
was u s e d .
4 .  O u t p u t  was r e c o r d e d  on t h e  S a r g e n t  Welch XKR c h a r t  
r e c o r d e r .
B. R e a g e n t s
Al l  t h e  c h e m i c a l s  u s e d  w e r e  a n a l y t i c a l  g r a d e .  The 
m e r c u r y  a nd  c o p p e r  s t o c k  s o l u t i o n s  ( 1 , 0 0 0  ppm) were  
p u r c h a s e d  f rom EM Lab.
Humic a c i d  was p r e p a r e d  i n  t h i s  l a b o r a t o r y  a s  
f o l l o w i n g :  Dead duckweed  was s o a k e d  i n  w a t e r  f o r  10 d a y s .  
A f t e r  f i l t r a t i o n ,  s u l f u r i c  a c i d  was a d d e d  s l o w l y  t o  t h e  
s o l u t i o n  w i t h  s t i r r i n g  u n t i l  s o l u t i o n  became c l o u d y .  A f t e r  
c e n t r i f u g a t i o n ,  t h e  humic  a c i d  was d r i e d  i n  t h e  d e s i c c a t o r .
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D i s t i 1 l e d - d e i o n i 2 ed w a t e r  was u s e d  u n l e s s  s p e c i f i e d .
Al l  g l a s s w a r e  were  s o a k e d  i n  10 % n i t r i c  a c i d  f o r  48 h o u r s  
and  r i n s e d  w i t h  w a t e r  t h o r o u g h l y  b e f o r e  u s e .
C. M a t e r i a l s  and  Methods
The duckweed was s a m p l e d  f r om t h e  l a k e  l o c a t e d  n e a r  
B a t o n  Rouge,  L o u i s i a n a ,  d u r i n g  t h e  s p r i n g  o f  1987.  The 
duckweed was washed  c a r e f u l l y  w i t h  c o l d  t a p  w a t e r .  The 
h e a l t h y  duckweed  was s e l e c t e d  a nd  k e p t  i n  duckweed  medium 
s o l u t i o n  ( q u a r t e r  s t r e n g t h  H u t n e r ’ s m e d i u m " )  f o r  10 d a y s .
The b r i g h t  g r e e n i s h  and  h e a l t h y  duckweed  was s e l e c t e d  
i n d i v i d u a l l y  f o r  e a c h  e x p e r i m e n t .
Two grams (we t  w e i g h t )  o f  duckweed s a m p l e  were  we ig hed  
and  c a r e f u l l y  r i n s e d  w i t h  w a t e r .  The duckweed was t h e n  
p l a c e d  i n  a 400 mL t e s t  s o l u t i o n  c o n t a i n e d  i n  a 500  mL 
b e a k e r .  The c o m p o s i t i o n s  o f  t h e  t e s t  s o l u t i o n s  a r e  l i s t e d  
i n  T a b l e  15.
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T a b l e  15 .  The c o m p o s i t i o n  o f  t e s t  s o l u t i o n s









Hg = 1 . 0  Cu = O 
H g = 5 . 0  C u = 0  
Hg = 10 Cu = 0
CONTROL
Hg = 10 Cu = 1 . 0
Hg = 1 0  Cu = 5 . 0
Hg = 1 0  Cu = 10
Hg = 10 HA* = 10 mg 
Hg = 10 EDTA = 1 . 0  mM
Hg = 0 Cu = 0
HA* = Humic Acid
The pH o f  t h e  t e s t  s o l u t i o n  was a d j u s t e d  t o  4 . 0  w i t h  
1 . 0  N h y d r o c h l o r i c  a c i d  o r  1 . 0  N s od i um h y d r o x i d e  s o l u t i o n ,  
d e p e n d i n g  on t h e  i n i t i a l  pH.
The b e a k e r s  c o n t a i n i n g  duckweed  were  p l a c e d  i n  t h e  
t r a n s p a r e n t  p l a s t i c  chamber  ( 46 x 61 x 46 cm ) t o  p r e v e n t  
a i r  c o n t a m i n a t i o n .  To m i n i m i z e  t h e  e v a p o r a t i o n  of  w a t e r  
f rom t e s t  s o l u t i o n ,  a  s t r e a m  o f  f i l t e r e d  a i r  s a t u r a t e d  w i t h  
w a t e r  v a p o r  was g e n t l y  p a s s e d  t h r o u g h  t h e  c h a m b e r .  The 
t e m p e r a t u r e  and h u m i d i t y  o f  t h e  g r o w i n g  chamber  were  k e p t  
a t  22  + 1 °C and 95 %, r e s p e c t i v e l y .  The duckweed  was 
c o n t i n u o u s l y  i l l u m i n a t e d  w i t h  a  f l u o r e s c e n t  l i g h t .
A 0 . 5  raL t e s t  s a m p l e  was t a k e n  f rom t h e  m i d d l e  o f  e a c h  
b e a k e r  and t h e  m e t a l  c o n c e n t r a t i o n  was m e a s u r e d  d a i l y .  The
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volume of  s o l u t i o n  was n o t  r e a d j u s t e d .  Any c h a n g e  i n  t h e  
c o l o r  o f  t h e  duckweed  was n o t e d .
A f t e r  10 d a y s ,  t h e  duckweed  was s e p a r a t e d  f rom t h e  
t e s t  s o l u t i o n  and  c o n t i n u a l l y  r i n s e d  w i t h  a  50 mL o f  0 . 5  mM 
EDTA s o l u t i o n  f o l l o w e d  by t h e  100 mL o f  d e i o n i z e d  w a t e r  t o  
r emove  any  m e t a l  a d s o r b e d  on duckweed s u r f a c e .  The s t r a i n e d  
duckweed was w e i g h ed  and  d i g e s t e d  w i t h  10 mL of  
c o n c e n t r a t e d  n i t r i c  a c i d .  A f t e r  d i g e s t i o n ,  t h e  s o l u t i o n  was 
d i l u t e d  t o  50 mL w i t h  w a t e r .  F u r t h e r  d i l u t i o n  was made i f  
n e c e s s a r y .  Al l  e x p e r i m e n t s  we r e  r u n  i n  d u p l i c a t e .
The e x p e r i m e n t s  d e s c r i b e d  a b o ve  were  r e p e a t e d  a t  pH 
5 . 0 .  A l l  e x p e r i m e n t s  we r e  r u n  i n  d u p l i c a t e .
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3 .  R e s u l t s  and  D i s c u s s i o n s
a )  U p t a k e  o f  Me r cu r y
G r a p h i c a l  p r e s e n t a t i o n s  o f  t h e  u p t a k e  o f  m e r c u r y  f rom 
w a t e r  a r e  shown i n  F i g u r e  46 and  47 .  In t h e  Hgl ,  Hg5 and 
HglO s o l u t i o n ,  t h e  duckweed  r emoved t h e  m e r c u r y  f r om t h e  
t e s t  s o l u t i o n  r a p i d l y  f o r  t h e  f i r s t  3 d a y s .  The r a t e  o f  
m e r c u r y ' r e m o v a l  v a r i e d  d e p e n d i n g  on t h e  m e r c u r y  i n i t i a l  
c o n c e n t r a t i o n .  F a s t  r emova l  r a t e s  were  o b s e r v e d  a t  h i g h  
c o n c e n t r a t i o n s  and  s l ow  r emova l  r a t e s  we re  o b s e r v e d  a t  low 
c o n c e n t r a t i o n s .  A f t e r  t h e  t h i r d  da y ,  t h e  m e r c u r y  
c o n c e n t r a t i o n  i n  t h e  t e s t  s o l u t i o n  d e c r e a s e d  v e r y  s l o w l y .
I t  was o b s e r v e d  t h a t  i n  Hgl ,  Hg5 a nd  HglO t h e  duckweed  
r e m a i n e d  g r e e n  i n  g e n e r a l  u n t i l  t h e  end o f  t h e  e x p e r i m e n t a l  
p e r i o d .  Most  o f  t h e  duckweed was a s sumed  t o  be a l i v e .
The r emova l  o f  m e r c u r y  by duckweed a p p e a r e d  t o  be  t h e  
c o m b i n a t i o n  o f  two m a j o r  p r o c e s s e s .  F i r s t ,  t h e  m e r c u r y  was 
removed  by t h e  i n i t i a l  m e r c u r y  b i n d i n g  s i t e s  o f  duckweed .  
T h i s  c a u s e d  t h e  i n i t i a l  r a p i d  r emova l  o f  m e r c u r y .  The 
s e c o n d  p r o c e s s  was t h e  t r a n s p o r t a t i o n  o f  t h e  m e r c u r y  f rom 
t h e  i n i t i a l  b i n d i n g  s i t e  t o  t h e  f i n a l  t a r g e t  o r g a n  of  
d uckweed .  T h i s  d i s t r i b u t i o n  o f  m e r c u r y  w i t h i n  t h e  duckweed 
was a  s l o w  p r o c e s s  and  r e p r e s e n t e d  t h e  s l o w  r emova l  












































Bas ed  on t h e  o b s e r v a t i o n  t h a t  t h e  duckweed  a p p e a r e d  t o  
be r e s i s t a n t  t o  a c u t e  m e r c u r y  t o x i c i t y ,  p r o b a b l y ,  t h e  
m e r c u r y  b i n d i n g  s i t e  i n  duckweed  was n o t  a  c r i t i c a l  o r g a n .
The c u r r e n t  d a t a  d i d  n o t  g i v e  a ny  i n s i g h t  i n t o  t h e  c h r o n i c  
t o x i c  e f f e c t  o f  m e r c u r y .
In t h e  e x p e r i m e n t s  t h e  duckweed was n o t  e f f e c t i v e  i n  
t h e  r emova l  o f  m e r c u r y  I f  t h e  c o n c e n t r a t i o n  was lower  t h a n  
0 . 3  ppm a s  shown i n  F i g u r e s  46 and  47 .  The duckweed i n  Hgl 
and  HgS s o l u t i o n  d i d  n o t  r e a c h  t o  t h e i r  maximum body  b u r d e n  
a s  o c c u r r e d  i n  HglO.  T he se  a r e  shown more c l e a r l y  In  
F i g u r e s  48 and  4 9 ,  i n  wh i ch  t h e  amoun t  o f  m e r c u r y  removed 
by duckweed v s .  t i m e  i s  d e s c r i b e d .
The amount  o f  m e r c u r y  i n  duckweed a f t e r  10 d a y ’ s 
e x p e r i m e n t  i s  l i s t e d  i n  T a b l e  16.  The duckweed was v e r y  
e f f e c t i v e  i n  r e mo va l  o f  h i g h  c o n c e n t r a t i o n  o f  m e r c u r y  t o  
t r a c e  l e v e l  b u t  was n o t  v e r y  e f f e c t i v e  i n  r e d u c i n g  i t  
f u r t h e r  t o  s u b t r a c e  l e v e l .
T a b l e  16.  C o n c e n t r a t i o n  o f  Hg i n  Duckweed a f t e r  10 
d a y s
T e s t  S o l u t i o n £Hgi a t  pH 4 £Hg3 a t  pH 5
HG1 400, >Ug/gm duckweed 450, fXg/gm
HG5 800 900 ft
HG10 1600 « 1800 tt
99 e a n S id
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The r a t e  o f  m e r c u r y  u p t a k e  was a f f e c t e d  l i t t l e  by t h e  
i n i t i a l  pH a t  t h e  v a l u e s  t h a t  s t u d i e d ,  i . e .  pH 4 and  5,  a s  
shown i n  F i g u r e  50.
Some d i s c r e p a n c i e s  i n  v a l u e  b e t w e e n  t h e  t o t a l  amount  
o f  m e r c u r y  found  i n  t h e  duckweed and  t h e  t o t a l  amoun t  o f  
m e r c u r y  removed f rom t h e  t e s t  s o l u t i o n  we re  o b s e r v e d .  F o r  
e x a m p l e ,  i n  t h e  HglO s a m p l e  a t  pH 5 . 0 ,  t h e  amount  o f  
m e r c u r y  removed f rom t h e  s o l u t i o n  was c a l c u l a t e d  t o  be 
a b o u t  3 . 8  mg, w h i l e  t h e  amoun t  o f  m e r c u r y  i n  duckweed  was 
e s t i m a t e d  a b o u t  3 . 2  mg i n  t o t a l .  T h e s e  d i s c r e p a n c i e s  a r e  
c o n s i d e r e d  t o  be  m a i n l y  t h e  amount  o f  m e r c u r y  t h a t  a d s o r b e d  
on t h e  s u r f a c e  of  duckweed and  t h a t  washed  o u t  by t h e  EDTA 
w a s h i n g  s o l u t i o n .
b)  E f f e c t  o f  C op pe r  on M e r c u r y  U pt a ke
I t  h a s  b e e n  w e l l  d oc u me n t e d  t h a t  c o p p e r  e x h i b i t s  v e r y  
h i g h  t o x i c i t y  t o w a r d s  mos t  t y p e  of  a q u a t i c  o r g a n i s m s .  I t  
a p p e a r e d  t o  be  t r u e  w i t h  duckweed a l s o  and  e x e r t e d  a  h i g h  
t o x i c i t y .  Mo e t  a l . , 0 ° o b s e r v e d  t h a t  c o p p e r  k i l l e d  t h e  
duckweed  r a p i d l y  and s u p p r e s s e d  t h e  u p t a k e  of  c o e x i s t i n g  
m e t a l s  s u c h  a s  a luminum and  l e a d ,  s i g n i f i c a n t l y .
The e f f e c t  of  c o p p e r  on t h e  m e r c u r y  u p t a k e  by duckweed 
was s t u d i e d  a t  pH 4 . 0  and  5 . 0 ,  r e s p e c t i v e l y  and  t h e  r e s u l t s  
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[n t h e  p r e s e n c e  o f  c o p p e r ,  t h e  duckweed was n o t  a b l e  
t o  r emove  t h e  m e r c u r y  a s  e f f e c t i v e l y  a s  i n  t h e  a b s e n c e  of  
c o p p e r .  The s u p p r e s s i o n  e f f e c t  became more p r o n o u n c e d  a s  
t h e  c o p p e r  c o n c e n t r a t i o n  i n c r e a s e d .
I t  was a l s o  o b s e r v e d  t h a t  t h e  duckweed l o s t  i t s  g r e e n  
c o l o r  v e r y  r a p i d l y  i n  s o l u t i o n s  c o n t a i n i n g  c o p p e r .  W i t h i n  3 
d a y s ,  mos t  o f  t h e  duckweed  i n  M1X5 and  MIX10 c h a n g e d  f rom 
g r e e n  t o  w i l t i n g  y e l l o w ,  a nd  more t h a n  h a l f  o f  t h e  duckweed 
i n  MIXI s o l u t i o n  l o s t  i t s  g r e e n  c o l o r .  Bas ed  on t h e  
o b s e r v a t i o n  o f  l o s i n g  g r e e n  and  o t h e r  p r e v i o u s  s t u d i e s ,  a 
p o s s i b l e  r e a s o n  f o r  r e d u c t i o n  i n  m e r c u r y  u p t a k e  i n  t h e  
p r e s e n c e  o f  c o p p e r  was t h a t  t h e  c o p p e r  made t h e  duckweed 
i n c a p a c i  t a t e d .
In a d d i t i o n  t o  t h i s  t h e  d e c a y i n g  duckweed may p r o d u c e  
humic  s u b s t a n c e s  t h a t  c a n  compl ex  t h e  m e r c u r y ,  r e d u c i n g  i t s  
u p t a k e .
c )  E f f e c t  o f  EDTA and Humic Ac i d
Compared t o  i o n i c  m e t a l ,  c o mp l ex ed  m e t a l s  a r e  n o t  a s  
e a s i l y  a b s o r b e d  by a q u a t i c  o r g a n i s m s  i n  g e n e r a l .  For  
e x a m p l e ,  i n  t h e  p r e s e n c e  o f  EDTA t h e  u p t a k e  o f  cadmium and 
c o p p e r  by duckweed was d e c r e a s e d  s i g n i f l e a n t  1y . ‘ 0 ‘
Humic a c i d  i s  a  mos t  common n a t u r a l l y  o c c u r r i n g  
c o m p l e x i n g  compound.  I t  h a s  b e e n  f o u n d  t h a t  t h e  humic  a c i d
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f rom d e c a y e d  l e a f  m a t t e r  fo r med  complex  compounds  w i t h  
a lumi num and  r e d u c e d  a luminum t o x i c i t y  t o w a r d s  f i s h . ®
In t h i s  s t u d y ,  t h e  c o p p e r  a p p e a r e d  t o  k i l l  t h e  
duckweed  v e r y  r a p i d l y .  The d ead  duckweed was l e f t  i n  t h e  
s o l u t i o n  u n t i l  t h e  end of  t h e  e x p e r i m e n t s .  T h i s  d e c a y i n g  
duckweed  m i g h t  p r o d u c e  humic  s u b s t a n c e s ,  wh i c h  may complex  
w i t h  t h e  m e r c u r y .
The e f f e c t  o f  humic  a c i d  on t h e  m e r c u r y  u p t a k e  was 
s t u d i e d  and  c omp ar ed  w i t h  t h e  e f f e c t  o f  EDTA. The r e s u l t s  
a r e  shown i n  F i g u r e s  53 and  54 .  One mM EDTA s u p p r e s s e d  t h e  
u p t a k e  o f  m e r c u r y  s i g n i f i c a n t l y  and humic  a c i d  (10 mg/400 
mL) a l s o  s u p p r e s s e d  t h e  m e r c u r y  u p t a k e  t o  some d e g r e e .
The s u p p r e s s i o n  o f  m e r c u r y  u p t a k e  i n  t h e  p r e s e n c e  of  
c o p p e r  i o n  may b e  p a r t i a l l y  c o n t r i b u t e d  t o  t h e  humic  a c i d  
p r o d u c e d .  T h i s  may compl ex  m e r c u r y  and t h i s  c o mp le xed  
m e r c u r y  may be  l e s s  a v a i l a b l e  f o r  a b s o r p t i o n  t h a n  i o n i c  










E f f e c t  o f  Compl ex l ng  A ge nt s  on Mercury
Removal by Duckweed a t  pH 412.00
10.00
8.00
•£s—  • Am EDTA
6.00
4.00
—D  s _  HA2.00
HglO



















' ' 2.00  ■=
0.00
E f f e c t  o f  Compl ex lng  A ge nt s  on Mercury
Removal by Duckweed a t  pH 5
& A —
11111 i i 11| 111111 n  1 1 Tin  111111 ii i h  11 t i 111 r i 1 1 ) n  1111









4 .  C o n c l u s i o n s
Flow i n j e c t i o n  t e c h n i q u e  u s i n g  a t h e r m o s p r a y  n e b u l i z e r  
s y s t e m  i n  c o n j u n c t i o n  w i t h  v a r i o u s  f l a m e  a t o m i z e r s  a p p e a r e d  
t o  be  a u s e f u l  t e c h n i q u e  p r o v i d i n g  h i g h  s e n s i t i v i t y ,  low 
d e t e c t i o n  l i m i t s  a nd  p a r t i c u l a r l y  c on s u mi n g  s m a l l  q u a n t i t y  
o f  s a m p l e ,  t y p i c a l l y  1 / 1 0  t h  o f  s a m p l e  r e q u i r e d  f o r  no rma l  
f l a m e  AAS m e a s u r e m e n t .
F o r  t h e  duckweed  a n a l y s i s ,  we can  c o n c l u d e  t h e  
f o l l o w i n g :
1) Duckweed was e f f e c t i v e  i n  r emova l  o f  m e r c u r y  a t  pH 4 
and  5.
2)  The r a t e  of  m e r c u r y  r e mo v a l  by duckweed  a p p e a r e d  t o  be 
c o n t r o l l e d  by two d i s t i n c t  p r o c e s s e s .  The f i r s t  was 
t h e  m e r c u r y  r e mo va l  by t h e  i n i t i a l  b i n d i n g  s i t e  i n  
duc kwee d .  T h i s  was a  f a s t  p r o c e s s .  The s e c o n d  was t h e  
m e t a b o l i s m  o f  m e r c u r y  i n t o  f i n a l  t a r g e t  o r g a n  o f  t h e  
duckweed .  T h i s  was a  s l o w  p r o c e s s .  The duckweed 
c o n t i n u e d  u p t a k e  o f  t h e  m e r c u r y  u n t i l  t h e  b i n d i n g  
s i t e s  were  s a t u r a t e d  o r  t h e  m e r c u r y  c o n c e n t r a t i o n  i n  
s o l u t i o n  was l o w er  t h a n  0 . 3  ppm.
3)  Duckweed was r e s i s t a n t  t o  a c u t e  m e r c u r y  t o x i c i t y .
4)  C op p er  s u p p r e s s e d  t h e  u p t a k e  of  m e r c u r y  by duckweed 
s i g n i f i c a n t l y .
5 )  The a d d i t i o n  o f  1 . 0  mM EDTA s u p p r e s s e d  t h e  m e r c u r y  
u p t a k e  s i g n i f i c a n t l y .
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6)  Humic a c i d  o b t a i n e d  f rom d e c a y e d  duckweed  s u p p r e s s e d  
t h e  m e r c u r y  u p t a k e  i n  some d e g r e e .
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1.  I n t r o d u c t i o n
I t , w a s  o b s e r v e d  t h a t  when duckweed was e x p o s e d  t o  
h e a v y  m e t a l s  i t  l o s t  i t s  g r e e n  c o l o r  r a p i d l y  t o  w i l t i n g  
y e l l o w . 10S In mos t  p l a n t s ,  c h l o r o p h y l l s  r e p r e s e n t  t h e  g r e e n  
c o l o r  of  t h e  p l a n t .  When t h e  c h l o r o p h y l l  i s  d e s t r o y e d  t h e  
p l a n t  l o s e s  i t s  g r e e n  c o l o r  and t h e  c o l o r  o f  o t h e r  p i g m e n t s  
s u c h  a s  ^ 9 - c a r o t e n e s  a r e  e x h i b i t e d .
C h l o r o p h y l l  c o m p r i s e s  t h e  l a r g e  g r o u p  o f  p i g m e n t s  
r e s p o n s i b l e  f o r  p h o t o s y n t h e s i s  i n  mos t  p l a n t s ,  a l g a e ,  
e t c , , 0 !  The m a j o r  p l a n t  c h l o r o p h y l l  a r e  c h 1o r o p h y 11- a  and 
c h 1o r o p h y 11- b ,  t h e  p r o p o r t i o n s  of  t h e s e  u s u a l l y  b e i n g  3 : 1 .  
L e a f ,  a l g a l  e x t r a c t s  c o n t a i n  n o t  o n l y  c h l o r o p h y l l  o f  
v a r i o u s  s o r t s ,  b u t  a l s o  a n c i l l a r y  p i g m e n t s  s u c h  a s  
c a r o t e n e s  and  x a n t h o p h y I  1s . When t h e  c h l o r o p h y l l  i s  
d e g r a d e d ,  i t  p r o d u c e s  t y p i c a l l y  c h I o r o p h y 11i d e  ( c h l o r o p h y l l  
w i t h o u t  p h y t y l  g r o u p ) ,  p h e o p h y t i n  ( c h l o r o p h y l l  w i t h o u t  
magnes ium)  o r  p h e o p h o r b i d e  ( c h l o r o p h y l l  w i t h o u t  p h y t y l  
g r o u p  and m a g n e s i u m ) ,  e t c .
Magnesium s i t s  on t h e  c e n t e r  o f  c h l o r o p h y l l  s t r u c t u r e  
and  a c t s  a  c e n t r a l  r o l e  i n  c h l o r o p h y l l  a c t i o n .  The 
magnes ium I s  a n e c e s s a r y  c o n s t i t u e n t  i n  c h l o r o p h y l l  i n  
o r d e r  t h a t  t h e  p h o s p h o r e s c e n c e  t a k e s  p l a c e . 10S In t h e  
a b s e n c e  o f  magnes ium,  c h l o r o p h y l l  u n d e r g o e s  f l u o r e s c e n t  
e m i s s i o n  o n l y  and  t h e  e n e r g y  i s  l o s t  t h r o u g h  a n  i m m e d i a t e  
t r a n s i t i o n .  The t r a p p e d  e n e r g y  w i l l  n o t  be  a v a i l a b l e  f o r
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f u r t h e r  c h e m i c a l  u s e .  T hu s ,  i f  c h l o r o p h y l l  l o s e s  t h e  
magnes ium t h e  c h l o r o p h y l l  l o s e s  i t s  p r o p e r  f u n c t i o n .
C h l o r o p h y l l  c an  be  l i b e r a t e d  f rom t h e  c h l o r o p l a s t ,  
f o l l o w e d  by t h e  c l e a v a g e  o f  p h y t o l  g r o u p s  due  t o  t h e  
a c t i v a t i o n  of  c h i o r o p h y 1 l a s e ,  p a r t i c u l a r l y  i n  t h e  d e c a y e d  
l e a v e s .  Hydr ogen  p e r o x i d e  p r o d u c e d  i n  t h e  r e s p i r a t i o n  c y c l e  
a c c u m u l a t e s  a nd  by o x i d a t i o n ,  t h e  c h l o r o p h y l l  i s  decomposed  
f u r t h e r  i n t o  a number  of  d e g r a d a t i o n  p r o d u c t s .
The e f f e c t  D f  h e a v y  m e t a l s  on t h e  c h l o r o p h y l l  when 
duckweed i s  grown i n  t h e  p r e s e n c e  o f  h e av y  m e t a l s  ha s  
l i t t l e  b e e n  s t u d i e d .  Thus ,  i t  i s  n o t  c l e a r  w h e t h e r  heav y  
m e t a l s  would  r e p l a c e  t h e  c e n t r a l  Mg i n  c h l o r o p h y l l ,  d e s t r o y  
t h e  c h l o r o p h y l l  s t r u c t u r e ,  o r  l e a v e  t h e  c h l o r o p h y l l  
s t r u c t u r e  i n t a c t .  I t  was t h e  g oa l  o f  t h i s  s t u d y  t o  t a k e  
a d v a n t a g e  o f  HPLC-AAS s y s t e m  wh i ch  p r o v i d e d  a m e t a l  
s p e c i f i c  d e t e c t i o n .  The modes of  e f f e c t  o f  h e av y  m e t a l s  on 
t h e  c h l o r o p h y l l  we re  s t u d i e d  u s i n g  a d e v e l o p e d  HPLC-AAS 
s y s t e m  a s  a  m e t a l  s p e c i f i c  d e t e c t o r .
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2 .  E x p e r i m e n t a l
a )  E q u i p m e n t s
1.  S o l v e n t  D e l i v e r y  S y s t e m :  P e r k i n  E l mer  HPLC pump model  
S e r i e s  2 e q u i p p e d  w i t h  two s i n u s o i d a l  d u a l  p i s t o n  pump 
head  was u s e d .  G r a d i e n t  e l u t i o n  was o b t a i n e d  w i t h  h i g h  
p r e s s u r e  m i x i n g .
2.  Sample  I n j e c t o r :  Rheodyne  7125 i n j e c t o r  w i t h  100 >UL 
s a m p l e  l oo p  was u s e d .  A 1 0 0 /AL H a m i l t o n  s y r i n g e  was 
u s e d  f o r  s a m p l e  i n j e c t i o n .
3.  UV/VIS d e t e c t o r :  P e r k i n  E l mer  v a r i a b l e  w a v e l e n g t h  ( 190  
-  000 nm) d e t e c t o r  model  LC-75 w i t h  &p.'L f l o w  c e l l  was 
u s e d .
4.  A b s o r p t i o n  S p e c t r o m e t e r :  Beckman DB S p e c t r o p h o t o m e t e r  
was u s e d .
5 .  F l ame  AAS D e t e c t o r :  P e r k i n  E l mer  At omi c  a b s o r p t i o n  
s p e c t r o m e t e r  model  370A w i t h  t h e r m o s p r a y  n e b u l i z e r  was 
u s e d  f o r  m e t a l  s p e c i f i c  d e t e c t o r .  D e u t e r i u m  b a c k g r o u n d  
c o r r e c t o r  was on d u r i n g  t h e  m e a s u r e m e n t  t o  e l i m i n a t e  
any  p o s s i b l e  b a c k g r o u n d  i n t e r f e r e n c e s .  A t h r e e  s l o t  
b u r n e r  h ead  was u s e d .  A c e t y l e n e / a i r  f l a m e  was u s e d  
t h r o u g h o u t  t h i s  s t u d y .
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The b l o c k  d i a g r a m  o f  HPLC s y s t e m  u s e d  i s  shown i n  
F i g u r e  55.
b)  R e a g e n t s
Al l  t h e  c h e m i o a l s  u s e d  were  a n a l y t i c a l  g r a d e  and a l l  
t h e  s o l v e n t s  u s e d  were  HPLC g r a d e .  A c e t o n e  and  d i e t h y l  
e t h e r  were  s p e c t r o s c o p y  g r a d e .  D i s t i l l e d  d e i o n i z e d  w a t e r  
was u s e d  u n l e s s  s p e c i f i e d .
P o l y - P r e p  C h e l a x - 1 0 0  co lumn was o b t a i n e d  f rom BioRad .
c)  Duckweed Sample  P r e p a r a t i o n s
Duckweed was c o l l e c t e d  f rom a l a k e  l o c a t e d  n e a r  B a t on  
Rouge ,  La.  d u r i n g  t h e  summer o f  1987.  The c o l l e c t e d  
duckweed was washed  c a r e f u l l y  w i t h  c o l d  t a p  w a t e r .  The 
b r i g h t  g r e e n  duckweed was s e l e c t e d  and k e p t  f o r  10 d a y s  i n  
a q u a r t e r  s t r e n g t h  o f  H u t n e r ’ s medium.
About  50 g (we t  w e i g h t )  o f  g r e e n  duckweed  was s e l e c t e d  
a nd  t r a n s f e r r e d  i n t o  t h e  N a l g e n e  c o n t a i n e r  c o n t a i n i n g  5 
l i t e r  o f  1 . 0  ppm of  Al ,  Cd, Cu, Hg o r  Zn,  r e s p e c t i v e l y .  The 
duckweed r e m a i n e d  i n  t h e  t e s t  s o l u t i o n  f o r  two weeks  t o  
e n a b l e  a b s o r p t i o n  o f  e a c h  m e t a l .  A f t e r  two weeks ,  t h e  
duckweed  was washed  w i t h  c o l d  t a p  w a t e r  and  s q u e e z e d  
l i g h t l y  b e t w e e n  f i l t e r  p a p e r  t o  remove  e x c e s s  w a t e r  and 
p l a c e d  i n t o  t h e  r e f r i g e r a t o r .  C h l o r o p h y l l  e x t r a c t i o n  was 
d on e  on t h e  same d a y .
S o lv e n t
I n je c to roHPLCpump
UV-VIS
D e te c to r
Thermospray
N e b u liz e r
Flame AAS
Guard Column




F ig u r e  55 .  Block Diagram o f  HPLC System
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d) E x t r a c t i o n  o f  C h l o r o p h y l l .
The me thod  u s e d  by S c h w a r t z 104 was m o d i f i e d .  The 
duckweed  s a m p l e  was g ro u nd  i n  50 mL o f  a c e t o n e  w i t h  a  
m o r t a r  and p e s t l e  and f i l t e r e d  t h r o u g h  a g l a s s  f i b e r  f i l t e r  
u n d e r  s u c t i o n .  R e s i d u e  was p l a c e d  i n  a  m o r t a r  a g a i n ,  
g r o u n d e d  w i t h  an  a d d i t i o n a l  50 mL o f  a c e t o n e  and f i l t e r e d .  
The p e s t l e  and  g r i n d i n g  v e s s e l  were  r i n s e d  w i t h  an  
a d d i t i o n a l  50 mL o f  a c e t o n e  and t h i s  r i n s e  was a dd ed  t o  t h e  
s a m p l e .  The t o t a l  s am p l e  was t r a n s f e r r e d  i n t o  a 300 mL 
s e p a r a t o r y  f u n n e l .  A 100 mL o f  d i e t h y l  e t h e r  was a d ded  i n t o  
t h e  s e p a r a t o r y  f u n n e l  and  g e n t l y  s h a k e n .  Two l a y e r s  
c o n s i s t i n g  of  t o p  g r e e n  l a y e r  and b o t t o m  d a r k  brown l a y e r  
were  f o r m e d .  The b o t t o m  brown l a y e r  was d r a i n e d  i n t o  a 
f l a s k .  A 100 mL o f  d e i o n i z e d  w a t e r  was a d ded  i n t o  t h e  
s e p a r a t o r y  f u n n e l  and  g e n t l y  s h a k e n .  The b o t t o m  l a y e r  w i t h  
brown c o l o r  was d r a i n e d  and a dd ed  i n t o  t h e  f l a s k .  An 
a d d i t i o n a l  100 mL of  w a t e r  was a d ded  t o  wash t h e  e t h e r  
l a y e r  u n t i l  t h e  b o t t o m  w a t e r  l a y e r  was c o l o r l e s s .  I f  an  
e m u l s i o n  were  f o r m e d ,  a  s m a l l  amoun t  o f  s od i um c h l o r i d e  was 
a d d e d .  D u r i n g  t h i s  w a s h i n g ,  mos t  o f  t h e  a c e t o n e  m o i e t y  and 
w a t e r  s o l u b l e  s u b s t a n c e s  s u c h  a s  humic  s u b s t a n c e s  were  
r e mo v e d .  The g r e e n  e t h e r  l a y e r  was t r a n s f e r r e d  i n t o  an  
E r l e n m e y e r  f l a s k  and  10 g o f  a n h y d r o u s  s od i um s u l f a t e  were  
a d d e d  t o  remove  any  r e s i d u a l  w a t e r .  The e x t r a c t s  were
e v a p o r a t e d  t o  n e a r  d r y n e s s  u n d e r  a  s t r e a m  o f  n i t r o g e n .  I t  
was t h e n  d i s s o l v e d  i n  10 mL o f  a c e t o n e  and f i l t e r e d  t h r o u g h  
a 0 . 4 5  p.m T e f l o n  membrane f i l t e r .  The f i l t r a t e  was 
t r a n s f e r r e d  i n t o  a g l a s s  b o t t l e  and  p u r g e d  w i t h  n i t r o g e n  
g e n t l y  f o r  two m i n u t e s  b e f o r e  s e a l e d .  The b o t t l e  was 
wr apped  w i t h  a l uminum f o i l  t o  p r e v e n t  l i g h t  and s t o r e d  in  
t h e  f r e e z e r  u n t i l  a n a l y s i s .
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3 .  R e s u l t s  and D i s c u s s i o n s
a )  D i s t r i b u t i o n  o f  Heavy Meta l  i n  Sample
In t h i s  e x p e r i m e n t ,  t h r e e  f r a c t i o n s  were  o b t a i n e d  from 
e a c h  duckweed  s a m p l e ,  i . e .  g r e e n  c h l o r o p h y l l  e x t r a c t s  i n  
t h e  e t h e r  l a y e r ,  brown humic  s u b s t a n c e s  i n  t h e  
w a t e r / a c e t o n e  l a y e r  and t h e  r e s i d u e .
In g e n e r a l ,  a b o u t  60 -  80 % o f  t o t a l  a b s o r b e d  m e t a l  
was f o u n d  i n  w a t e r / a c e t o n e  l a y e r  and t h e  r e s t  i n  t h e  
r e s i d u e .  Among t h e  m e t a l s  f o u n d  i n  t h e  w a t e r / a c e t o n e  l a y e r ,  
a b o u t  60 - 80 % was f o u n d  t o  be  i n  t h e  n o n - l a b i l e  form 
( m e t a l  f r a c t i o n  t h a t  was n o t  r e t a i n e d  i n  C h e l e x  co lumn)  and 
t h e  r e s t  we r e  i o n i c  o r  t h e  l a b i l e  form ( m e t a l  f r a c t i o n  
r e t a i n e d  i n  C h e l e x  c o l u m n ) .  T h i s  v a l u e ,  h o w e v e r ,  a p p e a r e d  
t o  d e pe nd  on t h e  e f f i c i e n c y  o f  e x t r a c t i o n s  and  w a s h i n g .  I t  
i s  a s s ume d  t h a t  t h e  n o n - l a b i l e  m e t a l  was t h e  m e t a l  f r a c t i o n  
t h a t  a s s o c i a t e d  w i t h  p r e s u m a b l y  humic  s u b s t a n c e s ,  i . e .  
p l a n t  d e c a y e d  s u b s t a n c e s .
No d e t e c t a b l e  amount  o f  h e av y  m e t a l s  ( A l ,  Cd, Cu, Hg 
o r  Zn)  we r e  f o u n d  i n  t h e  g r e e n  c h l o r o p h y l l  p i g m e n t  
e x t r a c t s ,  i n d i c a t i n g  t h a t  t h e  h e av y  m e t a l s  d i d  n o t  r e p l a c e  
t h e  c e n t r a l  Mg i n  c h l o r o p h y l l s .
Development of  Chromatogram
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A c o m p l i c a t i o n  i n  t h e  d e v e l o p m e n t s  o f  c h r o m a t o g r a p h i c  
s e p a r a t i o n  of  c h l o r o p h y l l  p i g m e n t s  and  t h e i r  d e c o m p o s i t i o n  
p r o d u c t s  i s  t h e  f a c t  t h a t  c h l o r o p h y l l s  a r e  l a b i l e  and a r e  
t h e r e b y  s u b j e c t  t o  a  v a r i e t y  o f  s i d e - r e a c t i o n s  and 
d e g r a d a t i v e  p r o c e s s e s .  C h l o r o p h y l l  p i g m e n t s  c a n  be  d e g r a d e d  
by h e a t ,  l i g h t ,  o x y ge n ,  a c i d s  and  a l k a l i s .  For  e x a m p l e ,  
c e n t r a l  magnes ium a t o ms  c a n  be r emoved  by t h e  a c i d s ,  and 
t r a n s e s t e r i f i c a t i o n  o r  h y d r o l y s i s  o f  t h e  p h y t y l  e s t e r  c an  
c a u s e  m u l t i p l e  c h r o m a t o g r a p h i c  p e a k s  t o  be  p r o d u c e d .  In 
o r d e r  t o  s t u d y  t h e  c h l o r o p h y l l  d e c o m p o s i t i o n  p r o d u c t s ,  i t  
i s  n e c e s s a r y  n o t  t o  c r e a t e  any  a r t i f a c t s  d u r i n g  t h e  
c h r o m a t o g r a p h i c  s e p a r a t i o n s .
R e v e r s e d  p h a s e  co l u mn  i s  p r e f e r r e d  i n  g e n e r a l  t o  
n or ma l  p h a s e  co lumn b e c a u s e  t h e  p o l a r  s t a t i o n e r y  p h a s e  h a s  
b e e n  r e p o r t e d  t o  p r o m o t e  t h e  c h l o r o p h y l l  p i g m e n t  
d e g r a d a t i o n . *0 s In t h i s  s t u d y ,  o n l y  t h e  r e v e r s e d  p h a s e  
co l umn  was t e s t e d .
F i r s t ,  t h e  c h l o r o p h y l l  e x t r a c t s  we r e  i n j e c t e d  i n t o  
L i c h r o s o r b  RP2, RP8 a nd  RP18 co l umn  w i t h  p u r e  m e t h a n o l  a s  a  
m o b i l e  p h a s e .  Any t y p e  o f  r e v e r s e d  p h a s e  co lumn s eemed  t o  
b e  s u i t a b l e  f o r  c h l o r o p h y l l  s e p a r a t i o n .  A C-8  t y p e  o f  
c o l umn  was c h o s e n  f o r  t h e  f u r t h e r  s t u d y .
A m i x t u r e  o f  50 % o f  m e t h a n o l  i n  w a t e r  was t e s t e d  a s  a 
p o s s i b l e  m o b i l e  p h a s e .  The r e s u l t s  i n d i c a t e d  t h a t  t h e  
s t r e n g t h  o f  t h e  s o l v e n t  was t o o  weak t o  e l u t e  m o s t  o f
p i g m e n t s  i n c l u d i n g  c h l o r o p h y l l .  A 90  % m e t h a n o l  in  w a t e r  
m i x t u r e  p r o d u c e d  w e l l  s e p a r a t e d  c h 1 o r o p h y I  1- a  and 
c h 1 o r o p h y 1 1- b  p e a k s  b u t  t h e  t o t a l  e l u t i o n  t i m e  was t o o  long  
( o v e r  40 m i n u t e s ) .  A 100 % m e t h a n o l  d e s t r o y e d  t h e  
c h r o m a t o g r a p h i c  s e p a r a t i o n  b e t w e e n  c h i o r o p h y 11- a ,  
c h 1o r o p h y 11- b  and  o t h e r  e a r l y  e l u t i n g  p e a k s .  T o t a l  e l u t i o n  
t i m e  was s t i l l  l o n g .  The a d d i t i o n  o f  5 X o f  i s o p r o p y l  
a l c o h o l  i n  p u r e  m e t h a n o l  r e d u c e d  t h e  t o t a l  e l u t i o n  t i m e  t o  
l e s s  t h a n  15 m i n u t e s  a t  1 . 5  mL/min s o l v e n t  f l o w  r a t e .
G r a d i e n t  e l u t i o n  was a p p l i e d  u s i n g  50 % m e t h a n o l  i n  
w a t e r  a s  s o l v e n t  A and  5 % i s o p r o p y l  a l c o h o l  i n  m e t h a n o l  a s  
s o l v e n t  B. A f t e r  v a r i o u s  c o m b i n a t i o n s  t o  o b t a i n  i mpr oved  
r e s o l u t i o n  and  r a p i d  e l u t i o n ,  t h e  f o l l o w i n g  c h r o m a t o g r a p h i c  
c o n d i t i o n s  we re  c h o s e n  f o r  f u r t h e r  s t u d y .
T a b l e  17.  C h r o m a t o g r a p h y  C o n d i t i o n s  f o r  C h l o r o p h y l l s
1. Column:  Z o r b a x  R x - S P / C - 8  ( 4 . 1  mm x 15 cm)
2.  S o l v e n t  A: 50 % Me t hano l  i n  Wate r
S o l v e n t  B : 5 % I s o p r o p y l  a l c o h o l  i n  Me t h an o l
G r a d i e n t :  80 % B t o  100 % B i n  10 min l i n e a r l y .
3.  S o l v e n t  Flow R a t e :  1 . 5  mL/min
4.  Volume I n j e c t i o n :  20 /XL
5.  UV/VIS D e t e c t o r  W a v e l e n g t h :  415 nm
6.  F l ame  AAS: Mg a t  2 8 5 . 2  nm w i t h  s l i t  w i d t h  0 . 7  nm
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c)  I d e n t i f i c a t i o n  o f  C h l o r o p h y l l
The c h r o m a t o g r a m  o f  c h l o r o p h y l l  e x t r a c t s  f rom f r e s h  
g r e e n  duckweed i s  shown i n  F i g u r e  56 .  The c h r o m a t o g r a m  
o b t a i n e d  u s i n g  a  UV/VIS d e t e c t o r  was c o m p l i c a t e d  b u t  d i d  
n o t  g i v e  any  i n s i g h t  on t h e  l o c a t i o n  o f  c h l o r o p h y l l s .
However ,  w i t h  t h e  a i d  o f  HPLC i n t e r f a c e d  w i t h  a f l a m e  AA 
d e t e c t o r ,  i t  was s t r a i g h t f o r w a r d  t o  l o c a t e  t h e  
c h l o r o p h y l l s .  Only  two p e a k s  c o n t a i n i n g  magnes ium were  
o b s e r v e d .  To i d e n t i f y  e a c h  p e a k ,  t h e  f l a m e  AA d e t e c t o r  was 
d i s c o n n e c t e d  and  e a c h  p eak  c o n t a i n i n g  magnes ium was 
c o l l e c t e d .  The c o l l e c t e d  s o l u t i o n  was e v a p o r a t e d  n e a r  t o  
d r y n e s s  u n d e r  n i t r o g e n  s t r e a m  and  r e d i s s o l v e d  i n  d i e t h y l  
e t h e r .  The a b s o r p t i o n  s p e c t r u m  was t a k e n  and  c ompar ed  t o  
t h e  p u b l i s h e d  d a t a  f o r  t h e  i d e n t i f i c a t i o n .  The a b s o r p t i o n  
s p e c t r u m  o f  e a c h  p eak  i s  shown in  F i g u r e s  57  and  58,  
r e s p e c t i v e  Iy.
d)  E f f e c t  o f  Heavy M e t a l s  on C h l o r o p h y l l  i n  Vivo
F i g u r e  59 i s  t h e  c h r o m a t o g r a m  o f  c h l o r o p h y l l  e x t r a c t s  
f rom u n t r e a t e d  b u t  a l m o s t  d ead  duckweed ,  t h e  c o l o r  o f  wh i ch  
was w i l t i n g  y e l l o w .  C hr oma tog r a m i n d i c a t e d  t h a t  t h e  
duckweed  s t i l l  c o n t a i n e d  some c h l o r o p h y l l  p i g m e n t s .
C h 1o r o p h y 11- b  was d e g r a d e d  a l r e a d y  i n t o  p r o b a b l y  t h r e e  
i s o m e r s  b u t  c h 1o r o p h y 1 I - a  was r e l a t i v e l y  r e s i s t a n t  t o  
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o b s e r v e d .
F i g u r e  60 shows  t h e  c h r o m a t o g r a m  of  c h l o r o p h y l l  
e x t r a c t s  o b t a i n e d  f rom f r e s h  duckweed  and e x p o s e d  t o  t h e  
l i g h t  and a i r  t o  i n d u c e  t h e  d e g r a d a t i o n .  T h r e e  i s o m e r s  o f  
c h I o r o p h y 11- b  was o b s e r v e d .  C h i o r o p h y I  I - a  was a l s o  
de compos ed  i n t o  p r o b a b l y  two i s o m e r s .  B e s i d e s ,  two o t h e r  
p e a k s  c o n t a i n i n g  magnes ium a p p e a r e d  i n  t h e  c h r o m a t o g r a m s .
F i g u r e s  61 -  65 show t h e  c h r o m a t o g r a m  o f  c h l o r o p h y l l  
e x t r a c t s  f r om duckweed  t r e a t e d  w i t h  Al ,  Cd, Cu,  Hg and  Zn. 
Many d e g r a d a t i o n  p r o d u c t s  o r i g i n a t i n g  f rom c h l o r o p h y l l s  
w e r e  o b s e r v e d  i n  t h e  c h r o m a t o g r a m s  f rom a Mg s p e c i f i c  AAS 
d e t e c t o r .  The d e g r a d a t i o n  o f  t h e  c h l o r o p h y l l  e x e r t e d  by 
h e a v y  m e t a l s  a p p e a r e d  t o  be  s e v e r e  co mp ar ed  t o  n a t u r a l  
d e c a y  o r  p h o t o o x i d a t i o n ,  i . e .  more  p e a k s  c o n t a i n i n g  Mg were  
o b s e r v e d  f r om duckweed  t r e a t e d  w i t h  h e av y  m e t a l  t h a n  t h a t  
o f  n a t u r a l  d e c a y .  The m e t a l s  a p p e a r e d  t o  i n t e r a c t  w i t h  
c h l o r o p h y l l s  i n  some way t o  a c c e l e r a t e  t h e i r  d e g r a d a t i o n s .
No p e a k s  c o n t a i n i n g  h e av y  m e t a l  we re  f o u n d  i n  t h e  
c h l o r o p h y l l  e x t r a c t s  u s i n g  h e a v y  m e t a l  s p e c i f i c  d e t e c t i o n .  
T h i s  may r u l e  o u t  t h e  s u g g e s t i o n  t h a t  h e a v y  m e t a l s  m i g h t  be 
r e p l a c i n g  t h e  c e n t r a l  Mg i n  c h l o r o p h y l l s .
Among t h e  m e t a l s  t e s t e d ,  2 i n c  i n d u c e d  more d e s t r u c t i o n  
o f  t h e  c h l o r o p h y l l s  t h a n  a ny  o t h e r  m e t a l s .  P a r t i c u l a r l y ,  
c h 1o r o p h y 11- a  was h e a v i l y  d e s t r o y e d ,  o f  w h i c h  d e s t r u c t i o n  
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4 .  C o n c l u s i o n s
In g e n e r a l  t h e  f o l l o w i n g  c o n c l u s i o n s  w e r e  made:
1. HPLC-Flame AAS w i t h  a t h e r m o s p r a y  n e b u l i z e r  p r o v i d e d  a 
s e n s i t i v e  t e c h n i q u e  f o r  t h e  d e t e c t i o n  o f  c h l o r o p h y l l s  
i n  t h e  p r e s e n c e  o f  many o r g a n i c  s u b s t a n c e s .  The 
d e t e c t i o n  l i m i t s  were  a b o u t  10 ng o f  c h l o r o p h y l l .
Flame AAS o f f e r e d  e a s y  l o c a t i o n  o f  t h e  c h l o r o p h y l l s .
2 .  Heavy m e t a l s  a p p e a r e d  t o  p r o m o t e  t h e  d e s t r u c t i o n  of  
c h l o r o p h y l l s .  C h l o r o p h y l l  e x t r a c t s  o b t a i n e d  f rom 
t r e a t e d  duckweed  c o n t a i n e d  more  Mg c o n t a i n i n g  p e a k s  
c ompar ed  t o  t h e  o n e s  f rom u n t r e a t e d  d uc kwee d .  T h i s  
s u g g e s t e d  t h a t  t h e  m e t a l  was i n v o l v e d  i n  t h e  p r o c e s s  
o f  d e s t r u c t i o n  o f  c h l o r o p h y l l  d i r e c t l y .  S t u d i e s  
i n d i c a t e d  t h a t  t h e  h e av y  m e t a l s  d i d  n o t  r e p l a c e  t h e  
c e n t r a l  Mg a t o m.
3 .  C h 1o r o p h y 11- a  was more r e s i s t a n t  t o  p h o t o o x i d a t i o n  
a n d / o r  o t h e r  d e g r a d a t i o n  p r o c e s s e s  t h a n  C h 1o r o p h y 11- b .
C h I o r o p h y 11- b  was more  s u s c e p t i b l e  t o  d e g r a d a t i o n  
p r o c e s s e s .  B e c a u s e  o f  i t s  s u s c e p t i b i l i t y  t o  m e t a l s ,
c h 1o r o p h y 11- b  c o u l d  be  u s e d  a s  an  i n d i c a t o r  f o r  me ta l  
t o x  i c i  t y .
PART V
APPLICATION OF INTERFACED HPLC-AA USING THERMOSPRAY 




1.  I n t r o d u c t i o n
C a l c i u m  i s  t h e  f i f t h  mos t  .common e l e m e n t  i n  t h e  body.
In g e n e r a l ,  a b o u t  99 % of  t h e  c a l c i u m  i n  t h e  human body i s  
f o u n d  i n  t h e  h a r d  t i s s u e s ,  i . e .  i n  t h e  bone  and  t e e t h ,  w i t h  
t h e  g e n e r a l  f o r m u l a  Caio (P04 ) 6 ( OH)a . 10 * The o t h e r  1 % o f 
c a l c i u m  i s  i n  t h e  s o f t  t i s s u e s  and  e x t r a c e l l u l a r  f l u i d s ,  
and  i s  i n v o l v e d  i n  c o n t r o l l i n g  b l o o d  c l o t t i n g  me c h a n i s ms ,  
t h e  f u n c t i o n i n g  of  n e r v e s  and  m u s c l e s ,  t h e  f u n c t i o n  of  
p a r a t h y r o i d  hormone  and i s  r e q u i r e d  f o r  many enzyme 
c o n t r o l l e d  r e a c t i o n s .
The d a i l y  human c a l c i u m  r e q u i r e m e n t  d e p e n d s  upon a g e ,  
g r o w t h ,  p r e g n a n c y  and  l a c t a t i o n .  The US Recommended D i e t a r y  
A l l o w a n c e  f o r  c a l c i u m  i s  800 mg/d f o r  a d u l t s . 107 An 
a d d i t i o n a l  400  mg/d c a l c i u m  i n t a k e  i s  recommended d u r i n g  
a d o l e s c e n c e ,  p r e g n a n c y ,  and l a c t a t i o n .  C a l c i u m  i s  m a i n l y  
a b s o r b e d  i n  t h e  p r o x i m a l  s m a l l  i n t e s t i n e .  Ne t  a b s o r p t i o n  of 
i n g e s t e d  c a l c i u m  v a r i e s  w i d e l y  b u t  i s  a b o u t  25 - 30 % on 
a v e r a g e . 108 109 V i t a m i n  D h as  b e e n  shown t o  p r o m o t e  t h e  
c a l c i u m  u p t a k e  w h i l e  p h y t i c  a c i d  p r o h i b i t s  c a l c i u m  
u p t a k e . 110
Upon a b s o r p t i o n  c a l c i u m  i s  t r a n s p o r t e d  f rom t h e  
i n t e s t i n a l  lumen t o  t h e  p l a s m a .  C a l c i u m  e x i s t s  i n  p l a s m a  i n  
t h r e e  p h y s i c o c h e m i c a l  s t a t e s :  1) p r o t e i n - b o u n d  (45%);  21 
c o m p l e x e d  w i t h  s m a l l  l i g a n d s  s u c h  a s  c i t r a t e ,  l a c t a t e ,  
p h o s p h a t e ,  and  b i c a r b o n a t e  (10%);  and  3)  i o n i z e d  ( 4 5 % ) . 1
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Under  n o r ma l  c o n d i t i o n ,  t h e  c o n c e n t r a t i o n  o f  t o t a l  c a l c i u m  
i n  human p l a s m a  i s  0 . 1  mg/mL and i s  u n d e r  h o m e o s t a t i c  
c o n t r o l  m e d i a t e d  by t h e  p a r a t h y r o i d  g l a n d s  and v i t a m i n  D. 
E i g h t y  p e r  c e n t  o f  t h e  p r o t e i n - b o u n d  f r a c t i o n  i s  bound t o  
a l b u m i n ,  20 % t o  g l o b u l i n .  The i o n i z e d  f r a c t i o n  i s  t h e  
p h y s i o l o g i c a l l y  a c t i v e  fo r m.
C a l c i u m  i s  c o n s t a n t l y  b e i n g  l o s t  f rom t h e  body  t h r o u g h  
e x c r e t i o n  i n  u r i n e .  In g e n e r a l ,  t h e  norma l  l i m i t s  of  
e x c r e t i o n  d e pe nd  on t h e  s ex  and  a g e  o f  t h e  i n d i v i d u a l .  Men 
e x c r e t e  more c a l c i u m  t h a n  women. U r i n a r y  c a l c i u m  e x c r e t i o n  
d e c r e a s e s  a f t e r  a g e  60 i n  men and  a f t e r  a g e  50 i n  women, 
p e r h a p s  b e c a u s e  o f  d e c r e a s e d  a b s o r p t i o n  o f  c a l c i u m  and  
d e c r e a s e d  b one  ma s s .  D i e t a r y  c a l c i u m  i n t a k e  a l s o  i n f l u e n c e s  
u r i n a r y  c a l c i u m  e x c r e t i o n  i n  n o r ma l  i n d i v i d u a l s .  The amount  
o f  c a l c i u m  e x c r e t e d  t h r o u g h  u r i n e  i n  a  n or ma l  p e r s o n  was 
e s t i m a t e d  t o  be 50 - 400  mg/d .
C a l c i u m  i s  a l s o  l o s t  by t h e  e x c r e t i o n  i n  p e r s p i r a t i o n .  
Few s t u d i e s  have  made o f  t h e  c a l c i u m  e x c r e t i o n  t h r o u g h  
p e r s p i r a t i o n .  The c o n c e n t r a t i o n  o f  c a l c i u m  and  t h e  
c o m p o s i t i o n  o f  p e r s p i r a t i o n  i s  t h o u g h t  t o  v a r y  d e p e n d e n t  on 
t h e  r e g i o n  o f  t h e  body p r o d u c i n g  i t .  N o n e t h e l e s s ,  a  
s i g n i f i c a n t  amount  of  c a l c i u m  was fo u nd  i n  p e r s p i r a t i o n  
< 1 . 0  - 24 mg/100  mL)1 1 *,  s u g g e s t i n g  t h a t  p e r s p i r a t i o n  i s  
one  o f  t h e  m a j o r  e x c r e t o r y  r o u t e  o f  c a l c i u m .
I t  would  be  i n t e r e s t i n g  t o  s t u d y  and  compar e  t h e
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c h e m i c a l  f o r ms  o f  c a l c i u m  i n  b l o o d  p l a s m a ,  u r i n e  and 
p e r s p i r a t i o n  t o  u n d e r s t a n d  t h e i r  r e l a t i o n s h i p s .  T h i s  may 
p r o v i d e  an  i n s i g h t  on t h e  e x c r e t i o n  m e ch an i sms  o f  t h e  
c a l c i u m  t h r o u g h  t h e s e  f l u i d s .  U n f o r t u n a t e l y ,  no p r i o r  
s t u d i e s  have  b een  p e r f o r m e d  t o  d e t e r m i n e  t h e  p h y s i c a l  o r  
c h e m i c a l  f o r ms  o f  c a l c i u m  compounds  p r e s e n t  i n  t h e s e  
f l u i d s .  Only t h e  t o t a l  amount  o f  c a l c i u m  h a s  b e e n  m e a s u r e d .  
Ye t ,  t h e r e  i s  no u n i v e r s a l l y  a c c e p t e d  norma l  v a l u e  f o r  t h e  
amoun t  o f  c a l c i u m  e x c r e t i o n .
Dur o b j e c t i v e  was t o  u s e  t h e  t h e r m o s p r a y  n e b u l i z e r  
i n t e r f a c e d  HPLC-AA s y s t e m  t o  i n i t i a t e  s p e c i a t i o n  s t u d i e s  on 
t h e s e  f l u i d s .  The d i f f i c u l t i e s  e n c o u n t e r e d  i n  s p e c i a t i o n  
s t u d i e s  o f  t h e s e  body  f l u i d s  i n c l u d e  t h e  compl ex  m a t r i c e s  
o f  t h e  s a m p l e .  B l o o d  p l a s m a  and u r i n e  c o n t a i n  h u n d r e d s  o f  
o r g a n i c  and  i n o r g a n i c  compounds  wh ic h  i n t e r f e r e  w i t h  
m e t h o d s  o f  a n a l y s i s  I n c l u d i n g  MS, NMR, IE,  v o l t a m e t r y  
a n d / o r  i o n  s e l e c t i v e  e l e c t r o d e s .  P e r s p i r a t i o n  a l s o  c o n t a i n s  
many i n o r g a n i c  and o r g a n i c  compounds  wh i ch  a l s o  i n t e r f e r e  
t h e  a n a l y s i s  w i t h  common t e c h n i q u e s .
T h i s  s t u d y  t o o k  a d v a n t a g e  o f  t h e  f a c t  t h a t  HPLC 
p r o v i d e s  a  me thod  o f  s e p a r a t i o n  and  t h e  i n t e r f a c e d  
t h e r m o s p r a y  AA s y s t e m  p r o v i d e s  a m e t a l  s p e c i f i c  d e t e c t i o n ,  
wh i c h  i n  t h i s  c a s e  w i l l  i d e n t i f y  c a l c i u m  compounds  
s p e c i f i c a l l y  i n  t h e  p r e s e n c e  o f  many o r g a n i c  compounds .
T hus ,  t h e  s y s t e m  c a n  e l i m i n a t e  mos t  o f  t h e  i n t e r f e r e n c e s
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o r i g i n a t i n g  f rom t h e  s a m p l e  m a t r i x .  I t  was t h e  a im o f  t h i s  
r e s e a r c h  t o  t a k e  a d v a n t a g e  o f  t h i s  s e n s i t i v e  HPLC-Flame AAS 
s y s t e m  t o  I n i t i a t e  c a l c i u m  s p e c i a t i o n  s t u d i e s  on body 
f 1u i d s .
P r e l i m i n a r y  s t u d i e s 118 on t h e s e  s a m p l e s  were  
i n i t i a t e d .  The s a m p l e s  were  s e p a r a t e d  i n t o  t h e i r  c o m p o ne n t s  
u s i n g  HPLC and c a l c i u m  compounds  wer e  d e t e c t e d  s e l e c t i v e l y  
u s i n g  a f l a m e  AA. The h i g h  s e n s i t i v i t y  r e q u i r e d  was 
p r o v i d e d  u s i n g  a t h e r m o s p r a y  n e b u l i z e r .  The c h r o m a t o g r a p h i c  
c o n d i t i o n s  u s e d  a r e  l i s t e d  i n  T a b l e  18.
T a b l e  18 P r e l i m i n a r y  C h r o m a t o g r a p h i c  c o n d i t i o n s
Column:  yt t -Bondapak DDS, 3 . 9  mm x 15 cm
M o b i l e  P h a s e :  1 mM s od i um n - o c t a n e  s u l f o n a t e  
30 mM ammonium a c e t a t e  b u f f e r  
pH 3 . 8  w i t h  a c e t i c  a c i d  
20 % m e t h a n o l  i n  w a t e r  
Flow R a t e :  1 . 5  mL/min 
I n j e c t i o n  Volume:  100/AL
Sa mp l e :  U r i n e ,  p e r s p i r a t i o n  and  b l o o d  p l a s m a  c e n t r i f u g e d  
and  f i l t e r e d  t h r o u g h  a 0 . 4 5  membrane f i l t e r ,  
r e s p e c t  i v e 1y .
The c h r o m a t o g r a m s  o b t a i n e d  w i t h  b l o o d  p l a s m a ,  u r i n e  
and  p e r s p i r a t i o n  a r e  shown i n  F i g u r e s  66 ,  67 and  68,  




E lu t io n  Time, min
F ig u r e  66 .  Chromatogram of  Calcium Compounds in  
Blood Plasma.
Note peaks a t  3 . 1  and 3 . 3  m in u te s .  
Chromatographic c o n d i t i o n s  are  l i s t e d  in  




E lu t io n  Time, mln
F ig u r e  67 .  Chromatogram o f  Calcium Compounds in  Urine  
Note  peak a t  3 . 3  m inute .  Chromatograph!c  
c o n d i t i o n s  are  th e  same w i th  b lo o d  plasma.
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E lu tio n  Time, min
F ig u r e  68 .  Chromatogram o f  Calcium Compounds in .  
P e r s p i r a t i o n
Note peak a t  3 . 1  minute .  Chromatographic  
C o n d i t io n s  are  the  same w i th  b lood  plasma.
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c o n t a i n e d  a number  o f  c a l c i u m  compounds  a s  d i d  u r i n e  and 
p e r s p i r a t i o n .  B as e d  on t h e  r e t e n t i o n  t i m e s ,  i t  a p p e a r e d  
t h a t  a l l  t h e  compounds  i n  b l o o d  p l a s m a  were  f o u n d  i n  t h e  
c o m b i n a t i o n  of  u r i n e  and p e r s p i r a t i o n ,  b u t  e a c h  e x c r e t i o n  
f l u i d  c o n t a i n e d  some o f  t h e s e  compounds  b u t  n e i t h e r  
c o n t a i n e d  a l l  t h e  compounds  f o u nd  i n  b l o o d  p l a s m a .
The c h r o m a t o g r a m s  o b t a i n e d ,  h o w ev e r ,  were  n o t  r e s o l v e d  
w e l l  e nough  t o  a l l o w  f u r t h e r  s t u d i e s  on t h e s e  c a l c i u m  
c o m p o n e n t s .  I t  was n e c e s s a r y  t o  i mp r o v e  t h e  c h r o m a t o g r a p h i c  
c o n d i t i o n s  t o  s e p a r a t e  t h e  c o m p o n e n t s  w e l l  so t h a t  f u r t h e r  
s t u d i e s  u s i n g  o t h e r  t e c h n i q u e s  s u c h  a s  MS and  IR c a n  be 
p e r f o r m e d .  I t  was o u r  p r i m a r y  goa l  t o  d e v e l o p  t h e
*
c h r o m a t o g r a p h i c  c o n d i t i o n  t o  g e t  b e t t e r  s e p a r a t i o n  of  t h e s e  
c o m p o n e n t s .  Use o f  an  i o n  e x c h a n g e  co lumn and  an i o n  
p a i r i n g  t e c h n i q u e  w i t h  r e v e r s e d  p h a s e  co lumn were  s t u d i e d  
f o r  t h i s  p u r p o s e .
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2 .  M a t e r i a l s  and Methods
a )  E q u i p m en t
1. HPLC S y s t e m :  P e r k i n  E l mer  HPLC pump model  S e r i e s  2 
e q u i p p e d  w i t h  two s i n u s o i d a l  d ua l  p i s t o n  pump head  was 
u s e d .  G r a d i e n t  e l u t i o n  was o b t a i n e d  w i t h  h i g h  p r e s s u r e  
m i x i n g .
2.  Sample  I n j e c t o r :  Rheodyne  7125  i n j e c t o r  w i t h  100/ / IL 
s a m p l e  l oo p  was u s e d .  A 5 0 0 jUL H a m i l t o n  s y r i n g e  was 
u s e d  f o r  s a m p l e  i n j e c t i o n .
3.  UV/V1S D e t e c t o r :  P e r k i n  E l mer  v a r i a b l e  w a v e l e n g t h  C190 
-  800  nml d e t e c t o r  model  LC-75 w i t h  8 JiXL f l o w  c e l !  was 
u s e d .
4.  F l ame  AAS D e t e c t o r :  P e r k i n  E l mer  A t o mi c  a b s o r p t i o n  
s p e c t r o m e t e r  model  370A w i t h  t h e r m o s p r a y  n e b u l i z e r  was 
u s e d  f o r  c a l c i u m  d e t e c t i o n .  T h r e e  s l o t  b u r n e r  h ead  and 
a c e t y l e n e / a i r  f l a m e  were  u s e d .  P e r k i n  E l mer  c a l c i u m  
HCL was u s e d  a t  4 2 2 . 7  nm w i t h  0 . 7  nm s l i t  w i d t h .  
D e u t e r i u m  b a c k g r o u n d  c o r r e c t o r  was u s e d  t o  c o r r e c t  
b a c k g r o u n d  i n t e r f e r e n c e s .
5.  F r a c t i o n  C o l l e c t o r :  G i l s o n  201 F r a c t i o n  C o l l e c t o r .
6.  A b s o r p t i o n  S p e c t r o m e t e r :  Beckman DB S p e c t r o m e t e r
b)  R e a g e n t s  and C h e m i c a l s
2 2 5
Al l  t h e  c h e m i c a l s  u s e d  were  a n a l y t i c a l  g r a d e  and  a l l  
t h e  s o l v e n t s  u s e d  were  HPLC g r a d e  o r  s p e c t r o s c o p y  g r a d e .
Ion p a i r i n g  a g e n t s  were  o b t a i n e d  f rom A l l t e c h .
D i s t i l l e d  d e i o n i z e d  w a t e r  was u s ed  u n l e s s  s p e c i f i e d .
E x p e r i m e n t a l  P r o c e d u r e s
Most  s t u d i e s  i n  t h e  d e v e l o p m e n t  o f  c h r o m a t o g r a p h i c  
c o n d i t i o n  were  a c c o m p l i s h e d  u s i n g  u r i n e  s a m p l e  b e c a u s e  of  
c o n v e n i e n c e  i n  s a m p l i n g .  A f t e r  d e v e l o p i n g  t h e  
c h r o m a t o g r a p h i c  c o n d i t i o n s ,  c h r o m a t o g r a m s  o f  u r i n e  and 
p e r s p i r a t i o n  would  be o b t a i n e d  a t  t h e  same c o n d i t i o n  f o r  
c o m p a r i s o n .  U n t i l  t h e n ,  u r i n e  a l o n e  was u s e d  t o  d e v e l o p  t h e  
c h r o m a t o g r a p h i c  c o n d i t i o n s .
a )  Sample  C o l l e c t i o n s
P e r s p i r a t i o n  s a m p l e s  were  c o l l e c t e d  f rom h e a l t h y  men 
a s  d i s c u s s e d  by D e a n o . 113 P e r s p i r a t i o n  s a m p l e s  were  
c o l l e c t e d  by c a t c h i n g  d r o p s  o f  p e r s p i r a t i o n  f r o m . t h e  n o s e  
o r  f o r e h e a d  i n t o  a n  a c i d  c l e a n e d  p o l y e t h y l e n e  t u b e .
U r i n e  s a m p l e  was r a n d o m l y  o b t a i n e d  f rom h e a l t h y  men 
and women. U r i n e  was c o l l e c t e d  i n t o  an  a c i d  c l e a n e d  
p o l y e t h y l e n e  t u b e .  A f t e r  c o l l e c t i o n ,  a l l  s a m p l e s  we re  
s t o r e d  i n  t h e  r e f r i g e r a t o r  u n t i l  t h e y  we r e  a n a l y s e d .  The 
a n a l y s e s  were  p e r f o r m e d  w i t h i n  24 h o u r s  a f t e r  c o l l e c t i o n .
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b) P r e l i m i n a r y  S t u d i e s  on U r i n e  Sa mp le s
i )  F i l t r a t i o n :  T h r e e  mL of  u r i n e  were  p a s s e d  t h r o u g h  a 
0 .45 /Am membrane f i l t e r  and  f i l t r a t e  was c o l l e c t e d  i n  a 
v i a l .  The r e s i d u a l  u r i n e  i n  t h e  f i l t e r  was r emoved by 
vacuum s u c t i o n .  The f i l t e r  was t h e n  washed  w i t h  3 mL o f  10 
% n i t r i c  a c i d  t o  d i s s o l v e  t h e  c a l c i u m  wh ic h  r e m a i n e d  on t h e  
f i l t e r .  The amount  o f  c a l c i u m  i n  e a c h  f r a c t i o n  was m e a s u r e d  
a f t e r  a n  a p p r o p r i a t e  d i l u t i o n .
i i )  SepPak C-18 P r e c o l u m n :  One mL o f  f i l t e r e d  u r i n e  
was l o a d e d  o n t o  t h e  p r e w e t  SepPak  C-18 p r e c o l u m n .  F i v e  mL 
of  w a t e r  were  p a s s e d  t h r o u g h  t h e  SepPak s l o w l y  t o  e l u t e  
w a t e r  s o l u b l e  c a l c i u m  compounds .  The e f f l u e n t  was c o l l e c t e d  
i n  a  v i a l .  Then 5 mL of  50 * m e t h a n o l  i n  w a t e r  was p a s s e d  
t h r o u g h  t h e  S e pP a k .  F i n a l l y ,  t h e  SepPak was washed  w i t h  3 
mL of  100 % m e t h a n o l .  The amoun t  o f  c a l c i u m  i n  e a c h  
f r a c t i o n  was m e a s u r e d .
c)  HPLC-Flame AAS E x p e r i m e n t
F i r s t ,  a b l a n k  m o b i l e  p h a s e  was r u n  t h r o u g h  t h e  column 
t o  s t a b i l i z e  t h e  s y s t e m  and t o  e n s u r e  t h e r e  a r e  no 
b a c k g r o u n d  n o i s e  and  no b a s e l i n e  d r i f t  w i t h  t h e r m o s p r a y  
n e b u l i z e r  i n t e r f a c e d  AAS. The power  t o  t h e  t h e r m o s p r a y  
n e b u l i z e r  was a d j u s t e d  t o  y i e l d  t h e  maximum and  s t a b l e  
c a l c i u m  s i g n a l s .  When t h e  g r a d i e n t  mode was u s e d ,  t h e  
opt imum power  i n p u t  t o  t h e  t h e r m o s p r a y  n e b u l i z e r  a t  e a c h
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m o b i l e  p h a s e  were  o b t a i n e d .  The c h r o m a t o g r a m s  were  t h e n  
o b t a i n e d .  The t h e r m o s p r a y  n e b u l i z e r  was e q u i l i b r a t e d  w i t h  
t h e  new m o b i l e  p h a s e  f o r  a t  l e a s t  10 m i n u t e s  b e f o r e  t h e  
i n i t i a t i o n  o f  e x p e r i m e n t s .
To a v o i d  any  c o n t a m i n a t i o n ,  t h e  s a m p l e  was n o t  
p r e t r e a t e d  b e f o r e  t h e  i n j e c t i o n  t o  HPLC. I t  was f i l t e r e d  
t h r o u g h  a 0 , 4 5 / i m  membrane f i l t e r  t o  p r e v e n t  co lumn 
c l o g g i n g  b e f o r e  t h e  i n j e c t i o n .
One h u n d r e d  L of  s a m p l e  was i n j e c t e d  I n t o  a  
c h r o m a t o g r a p h y  s y s t e m .  The t h e r m o s p r a y  n e b u l i z e r  i n t e r f a c e d  
f l a m e  AAS was u s e d  t o  d e t e c t  c a l c i u m  compound s e l e c t i v e l y ,  
y i e l d i n g  c h r o m a t o g r a m  o f  c a l c i u m  compounds  o n l y .  UV 
d e t e c t o r  a t  280  nm was u s e d  t o  d e t e c t  o r g a n i c  s u b s t a n c e s  a s  
a c o m p l i m e n t a r y  d e t e c t o r .  T h i s  i s  a l s o  t o  e n s u r e  t h a t  a l l  
t h e  compounds  were  e l u t e d  f rom t h e  co l umn .  Due t o  t h e  
co mp l e x  n a t u r e  o f  t h e  s a m p l e s ,  a g u a r d  co lumn was u s e d  t o  
p r o t e c t  t h e  a n a l y t i c a l  co l umn .
The c h r o m a t o g r a p h i c  c o n d i t i o n s  was o p t i m i z e d  t o  o b t a i n  
a w e l l  r e s o l v e d  c h r o m a t o g r a m  o f  c a l c i u m  compounds  f rom 
f l a m e  AAS d e t e c t o r .
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3 .  E x p e r i m e n t a l ,  R e s u l t s ,  and D i s c u s s i o n s
a )  P r e l i m i n a r y  D e t e r m i n a t i o n  o f  T o t a l  C a l c i u m  i n  U r i n e
The c o n c e n t r a t i o n  o f  c a l c i u m  i n  u r i n e  v a r i e d  w i d e l y  
f rom s a m p l e  t o  s a m p l e ,  d e p e n d i n g  on t h e  t i m e  o f  t h e  day of  
c o l l e c t i o n ,  t h e  amoun t  o f  e x c r e t i o n ,  t h e  d i e t a r y  i n t a k e ,  
e t e .  C o n c e n t r a t i o n s  r a n g e d  f rom 15 t o  1 0 0 yUg/mL w i t h  an 
a v e r a g e  v a l u e  of  60 yUg/mL. S i n c e  mos t  o f  t h e  s a m p l e  was 
c o l l e c t e d  d u r i n g  t h e  day t i m e ,  t h i s  v a l u e  o n l y  r e f l e c t s  t h e  
d i u r n a l  c a l c i u m  e x c r e t i o n .
E x p e r i m e n t a l  and  R e s u l t s
The amount  o f  p a r t i c u l a t e  c a l c i u m  was m e a s u r e d  a f t e r  
s e p a r a t i o n  w i t h  a 0.45yUm membrane f i l t e r .  C lo u d y  u r i n e  
g e n e r a l l y  c o n t a i n e d  a  g r e a t e r  f r a c t i o n  o f  p a r t i c u l a t e  
c a l c i u m  compounds .  About  2 t o  15 % o f  c a l c i u m  w i t h  an 
a v e r a g e  v a l u e  o f  7 % d i d  n o t  p a s s  t h r o u g h  a  0 . 4 5  jULm 
membrane f i l t e r .  T h i s  v a l u e  a p p e a r e d  t o  v a r y  d e p e n d i n g  on 
t h e  e l a p s e d  t i m e  a f t e r  c o l l e c t i o n .  T h i s  v a r i a t i o n ,  h owe ve r ,  
was m i n o r  w i t h i n  one day i f  s t o r e d  i n  t h e  r e f r i g e r a t o r .
The f i l t r a t e  was l o a d e d  o n t o  t h e  SepPak  t o  s e p a r a t e  
w a t e r  s o l u b l e  c o m p o n e n t s .  About  75 % t o  90 % o f  c a l c i u m  was 
e l u t e d  by t h e  p u r e  w a t e r .  T h i s  f r a c t i o n  c o n s t i t u t e d  t h e  
w a t e r  s o l u b l e  c a l c i u m .  The r e s t  o f  t h e  c a l c i u m  was e l u t e d  
w i t h  5 0 : 5 0  m e t h a n o 1/ w a t e r  m i x t u r e .
229
The r e s u l t s  a r e  s ummar i z e d  i n  T a b l e  19.
T a b l e  19.  Amount o f  C a l c i u m  i n  U r i n e  F r a c t i o n s
T o t a l  [Ca] 15 -  100 /og/mL
F i l t r a t i o n  u s i n g  a 0 . 4 5  m Membrane F i l t e r
[ C a ] i n  F i l t r a t e 85 -  98 96 of  T o t a l [Ca]
(13 - 98 JJ,g/mL)
t Ca ]  i n  R e s i d u e 2 - 15 96 o f  T o t a l [Ca]
(3 -  15 jUg/mL)
E x t r a c t i o n  u s i n g  a SepPak C-18 P r e c o 1umn
[Ca]  i n  Wate r  F r a c t i o n 75 - 90 96 of  F i l t r a t e  [Ca]
(10 - 88 /Ag/mL)
[ Ca ] i n  50 96 M et ha no l  F r a c t i o n 10 - 25 96 of  F i l t r a t e  [Ca]
( 1 - 2 4  JUg/mL)
CCa] i n  Met hano l  F r a c t i o n 0 jkg/mL
A l t h o u g h  t h e  d a t a  w e r e  n o t  v e r y  c o n s i s t e n t  
q u a n t i t a t i v e l y  t h e y  d i d  i n d i c a t e  t h a t  u r i n e  c o n t a i n e d  a 
h i g h l y  v a r i a b l e  c a l c i u m  c o n t e n t .  In o r d e r  t o  i n v e s t i g a t e  
t h i s  f u r t h e r  u r i n e  was s u b j e c t e d  t o  t h e  HPLC s e p a r a t i o n .
V a r i o u s  t y p e s  o f  s t a t i o n a r y  p h a s e s  and  m o b i l e  p h a s e s  
were  t r i e d  t o  o b t a i n  a  w e l l  r e s o l v e d  c h r o m a t o g r a m  of  
u r i n a r y  c a l c i u m  and  i n f o r m a t i o n  on t h e  c h e m i c a l  f o r m s  of 
m e t a 1.
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D e v e l o p m e n t  o f  C h r o m a t o g r a p h i c  C o n d i t i o n s
A l t h o u g h  we o b t a i n e d  some r e s o l v e d  c h r o m a t o g r a m s  u s i n g  
an  i o n  p a i r i n g  t e c h n i q u e  i n  t h e  p r e l i m i n a r y  s t u d i e s ,  t h i s  
t e c h n i q u e  was a v o i d e d  i n i t i a l l y ,  b e c a u s e  o f  a h i g h  
m o l e c u l a r  w e i g h t  i o n  p a i r i n g  a g e n t  wh i c h  m i g h t  i n t e r f e r e  
w i t h  s u b s e q u e n t  MS a n a l y s i s .  Ion e x c h a n g e  c h r o m a t o g r a p h y  
u s i n g  a s  a s i m p l e  m o b i l e  p h a s e  a s  p o s s i b l e  was i n v e s t i g a t e d  
f i r s t .
a )  Use of  C a t i o n  E x c h a n g e  Column
C a t i o n  e x c h a n g e  co lumn h as  b e e n  e x t e n s i v e l y  u s e d  t o  
s e p a r a t e  c a t i o n i c  c o m p o u n d s . 114 The s e p a r a t i o n  i s  b a s e d  on 
t h e  d i f f e r e n t  a f f i n i t y  of  i o n i c  a n a l y t e  t o  t h e  c o u n t e r  
i o n i c  s t a t i o n a r y  p h a s e  and m o b i l e  p h a s e ,  w h i c h  c r e a t e s  
d i f f e r e n c e s  i n  m i g r a t i o n  r a t e  t h r o u g h  t h e  co l umn .
I t  was hoped  t h a t  t h e  c a l c i u m  compounds  p r e s e n t  i n  t h e  
u r i n e  would h a v e  c h a r g e  d i f f e r e n c e s  wh ic h  would  p r o v i d e  
s e p a r a t i o n  by t h e  c a t i o n  e x c h a n g e  c o l umn .  Assuming  t h a t  t h e  
c a l c i u m  would p r o v i d e  a p o s i t i v e  c h a r g e  c e n t e r ,  a c a t i o n  
e x c h a n g e  co lumn was t r i e d  f i r s t .
Mo bi I e  p h a s e
Use o f  E t h v 1e n e d i a m i n e
I t  ha s  b e e n  shown t h a t  a m o b i l e  p h a s e  b a s e d  on 
e t h y l e n e d i a m i n e  gave  a  good s e p a r a t i o n  w i t h  a l k a l i n e  e a r t h
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m e t a l s . 114 T h i s  t y p e  o f  m o b i l e  p h a s e  was a l s o  u s e d  t o  
s e p a r a t e  magnes ium and  z i n c  compounds  i n  u r i n e . 4 * Based  on 
t h e s e  r e p o r t e d  r e s u l t s ,  a 1 . 0  mM e t h y 1e n e d i a m i n e  s o l u t i o n  
was p r e p a r e d  and  i t s  pH was a d j u s t e d  t o  6 . 3  u s i n g  n i t r i c  
a c i d .  A f t e r  o b s e r v i n g  t h e  c h r o ma t o g r a m  of  u r i n a r y  c a l c i u m ,  
t h e  pH was a d j u s t e d  t o  5 . 3 ,  4 . 3  and 3 . B ,  r e s p e c t i v e l y  and 
c h r o m a t o g r a m s  a t  e a c h  pH v a l u e  were  o b t a i n e d .
R e s u l t s  showed t h a t  r e g a r d l e s s  o f  pH, o n l y  a s i n g l e  
p e a k  was o b s e r v e d .
To i n d u c e  more i n t e r a c t i o n  b e t w e e n  u r i n a r y  c a l c i u m  
compounds  and  s t a t i o n a r y  and  m o b i l e  p h a s e s ,  t h e  
c o n c e n t r a t i o n  o f  e t h y 1e n e d i a m i n e  was i n c r e a s e d  t o  2 mM. 
C h r o m a t o g r a m s  were  o b t a i n e d  a t  pH v a l u e s  o f  6 . 3 ,  5 . 3 ,  4 . 3  
and 3 . 8 ,  r e s p e c t i v e l y .
A s l i g h t  b r o a d e n i n g  o f  t h e  s i n g l e  peak  was o b s e r v e d .  
However ,  t h e s e  r e s u l t s  s u g g e s t e d e d  t h a t  t h e  m o b i l e  p h a s e  
c o n t a i n i n g  e t h y 1e n e d i a m i n e  a l o n e  was n o t  p r o m i s i n g .
T a r t a r i c  Ac id  p l u s  E t h v 1e n e d i a m i n e
T a r t a r i c  a c i d  a d ded  t o  t h e  e t h y 1e n e d i a m i n e  s o l u t i o n  
ha s  b e e n  shown t o  i mp r o v e  t h e  s e p a r a t i o n  of  c a l c i u m  by 
f o r m i n g  c o m p l e x e s . 113 I t  was hoped  t h a t  t a r t a r i c  a c i d  would 
fo rm c o m p l e x e s  w i t h  t h e  c a l c i u m  compounds  s e l e c t i v e l y  and 
c r e a t e  t h e  c h a r g e  d i f f e r e n c e s  b e t w e e n  them.
I n i t i a l l y ,  2 mM t a r t a r i c  a c i d  was a d d e d  t o  t h e  1 . 0  mM 
e t h y 1e n e d i a m i n e  s o l u t i o n .  The s o l u t i o n  was a d j u s t e d  t o  pH
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6 . 3  and t h e  c h r o m a t o g r a m  was o b t a i n e d .  A s l i g h t l y  i mpr oved  
c h r o m a t o g r a m  w i t h  l a t e  e l u t i n g  l a r g e  p e a k s  and e a r l y  
e l u t i n g  s m a l l  p e a k s  we re  o b t a i n e d  b u t  i t  was n o t  
a c c e p t a b l e .  The pH v a l u e s  were  a d j u s t e d  t o  5 . 3 ,  4 . 3  and  3 . 8  
t o  s e e k  a ny  i m p r o v e m e n t .  However ,  p o o r  r e s o l u t i o n  was 
o b t a i n e d  i n  e a c h  c a s e .
The c o n c e n t r a t i o n  o f  t a r t a r i c  a c i d  was i n c r e a s e d  t o  5 
mM t o  i n d u c e  more i n t e r a c t i o n .  The s o l u t i o n  was a d j u s t e d  t o  
pH 6 . 3  and c h r o m a t o g r a m s  we re  o b t a i n e d .  No n o t i c e a b l e  
i m p r o v e m e n t s  were  o b s e r v e d .  The pH v a l u e s  were  a d j u s t e d  t o  
5 . 3 ,  4 . 3  and 3 . 8 ,  and  t h e  c h r o m a t o g r a m s  were  o b t a i n e d  a t  
e a c h  pH. In g e n e r a l ,  t h e  r e t e n t i o n  t i m e  of  c a l c i u m  i o n  was 
s h o r t e n e d  by i n c r e a s i n g  t a r t a r i c  a c i d  c o n c e n t r a t i o n ;  
h o w e v e r ,  no i mp r o v em e n t  i n  p e a k  s h a p e  and  r e s o l u t i o n  was 
o b s e r v e d .
A s e r i e s  o f  t h e  a b o v e  s e t  o f  c o n d i t i o n s  were  r e p e a t e d  
b u t  u s i n g  2 mM e t h y 1e n e d i a m i n e .  Two mM t a r t a r i c  a c i d  was 
a d d ed  t o  t h e  2 mM e t h y 1e n e d i a m i n e  s o l u t i o n  a nd  pH v a l u e s  
we r e  a d j u s t e d  t o  6 . 3 ,  5 . 3 ,  4 . 3  and  3 . 8  b e f o r e  o b t a i n i n g  t h e  
c h r o m a t o g r a m s .  F i v e  mM t a r t a r i c  a c i d  was a l s o  a d d e d  t o  2 mM 
e t h y 1e n e d i a m i n e  s o l u t i o n .  The pH v a l u e s  were  t h e n  a d j u s t e d  
t o  6 . 3 ,  5 . 3 ,  4 . 3  and 3 . 8 ,  r e s p e c t i v e l y .  Ch r o ma t og r a ms  were  
t a k e n  u n d e r  e a c h  s e t  o f  c o n d i t i o n s .
Cone 1 u s  i on
A f t e r  e x t e n s i v e  t r i a l s ,  i n  wh i ch  more t h a n  24
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c o m b i n a t i o n s  o f  pH, t a r t a r i c  a c i d  and e t h y I e n e d i a m i n e  were  
u s e d  a s  m o b i l e  p h a s e s ,  i t  was c o n c l u d e d  t h a t  f u r t h e r  
a t t e m p t  t o  s p e c i a t e  t h e  u r i n a r y  c a l c i u m  compounds  u s i n g  
c a t i o n  e x c h a n g e  column,  p a r t i c u l a r l y  b a s e d  on m o b i l e  p h a s e  
u s i n g  e t h y 1e n e d i a m i n e ,  t a r t a r i c  a c i d  and  v a r i o u s  pH v a l u e s ,  
would  be f u t i l e .  The c h a r g e  d i f f e r e n c e s  b e t w e e n  t h e  u r i n a r y  
c a l c i u m ,  e v e n  t h o u g h  we t r i e d  t o  c r e a t e  them u s i n g  
e t h y 1e n e d i a m i n e  a n d / o r  t a r t a r i c  a c i d  a t  v a r i o u s  pH v a l u e s ,  
d i d  n o t  seem t o  be e nough  t o  c a u s e  t h e  s e p a r a t i o n  when t h e  
c a t i o n  e x c h a n g e  co lumn was u s e d .  T h e r e f o r e ,  f u r t h e r  s t u d y  
o f  u s i n g  c a t i o n  e x c h a n g e  co lumn was a b a n d o n e d ,
A t y p i c a l  c h r o ma t o g r a m  u s i n g  c a t i o n  e x c h a n g e  co lumn i s  
shown i n  F i g u r e  69.  The summary o f  m o b i l e  p h a s e  t e s t e d  i s  
1i s t e d  i n  T a b l e  20.
T a b l e  20 :  M o b i l e  P h a s e s  T e s t e d  w i t h  C a t i o n  E xchange  Column
Column:  H a m i l t o n PRP-200,  4 . 1  mm x 15 cm
Mob i 1e P h a s e : (1) 1 mM EDA a t  pH 6. 3 ,  5 . 3 , 4. 3 and  3 . 8
(2) m o b i 1e p h a s e  (1) p l u s  2 mM t a r t a r i c  a c i d
(3) m o b i 1e p h a s e  Cl) p l u s  5 mM t a r t a r i c  a c i d
(4) 2 mM EDA a t  pH 6. 3,  5 . 5 , 4. 8 ,  4 . 3  and 3 . 8
(5) m o b i 1e p h a s e  (4) p l u s  2 mM t a r t a r i c  a c i d









C a t i o n  Exchange Chromatograms 
Sample :  U r i ne  
Column: Ha mi l t on  PRP-200 
Mobi l e  P h a s e :  2 mM E t h y 1e n e d i a m i n e  
2 mM T a r t a r i c  Acid 
pH A. 3 
Flow R a t e :  1 . 5  mL/min 
D e t e c t o r  A: UV D e t e c t o r  a t  280 nm
B: Flame AAS a s  Ca S p e c i f i c  D e t e c t o r
A






b)  Use o f  An i on  E x c ha n ge  Column
A f t e r  f a i l i n g  t o  o b t a i n  we l l  r e s o l v e d  c h r o m a t o g r a m  of  
u r i n a r y  c a l c i u m  compounds  u s i n g  c a t i o n  e x c h a n g e  co lumn,  
s t u d i e s  were  made on t h e  u s e  o f  a n i o n  e x c h a n g e  c o l u m n s .
T h i s  was b a s e d  on t h e  a s s u m p t i o n  t h a t  some c a l c i u m  
compounds  e x i s t  a s  c o m p l e x e s  and t h a t  t h e  l i g a n d s  a t t a c h e d  
t o  t h e  c a l c i u m  a r e  n e g a t i v e l y  c h a r g e d .  T h e s e  compounds  may 
be s e p a r a t e d  u s i n g  an a n i o n  e x c h a n g e  c o l u m n . 114 To s t u d y  
t h i s  a v e n u e ,  t h e  u s e  o f  a n  a n i o n  e x c h a n g e  c o l um n  t o  
s e p a r a t e  t h e  c a l c i u m  compounds  were  e x p l o r e d .
M o b i 1e P h a s e
A 2 . 0  mM c a r b o n a t e  s o l u t i o n ,  wh i ch  i s  a  common m o b i l e  
p h a s e  u s e d  w i t h  a n i o n  e x c h a n g e  c o l u m n s ,  was f i r s t  
i n v e s t i g a t e d .  However ,  t h i s  s y s t e m  p r o d u c e d  a l on g  t a i l i n g  
c a l c i u m  p e a k  w i t h o u t  a ny  r e s o l u t i o n .  F u r t h e r  i n v e s t i g a t i o n s  
o f  t h i s  t y p e  o f  m o b i l e  p h a s e  t o  s e p a r a t e  t h e  u r i n a r y  
c a l c i u m  compounds  we r e  a b a n d o n e d .
I o n i c  S t r e n g t h  G r a d i e n t
A p r o c e d u r e  u s i n g  an i o n i c  s t r e n g t h  g r a d i e n t  i s  
commonly u s e d  t o  c h r o m a t o g r a m  f o r  b i o l o g i c a l  s a m p l e s  s u c h  
a s  p r o t e i n s  i n  b l o o d .  T h i s  t y p e  of  m o b i l e  p h a s e  was 
i n v e s t i g a t e d  a s  f o l l o w i n g :
A 20  mM t r i s - a c e t a t e  b u f f e r  pH 7 . 3  and  20  mM t r i s - a c e t a t e  
b u f f e r  c o n t a i n i n g  500  mM sod i um c h l o r i d e  pH 7 . 3  we re  
p r e p a r e d .  C h r o m a t o g r a m s  w e r e  o b t a i n e d  by i n c r e a s i n g  t h e
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so d i um c h l o r i d e  c o n c e n t r a t i o n  g r a d u a l l y .  U n r e s o l v e d  c a l c i u m  
p e a k s  w i t h  t a i l i n g  were  o b s e r v e d  w i t h  t h i s  m o b i l e  p h a s e .  
V a r i o u s  g r a d i e n t  modes a s  l i s t e d  i n  T a b l e  21 w e r e  a p p l i e d  
t o  i mp r o v e  t h e  r e s o l u t i o n  and  t o  r e d u c e  t h e  t a i l i n g ;  
h o w e v e r ,  none  was s u c c e s s f u l  i n  r e s o l v i n g  t h e  
c h r  o m a t o g r a m s .
The b u f f e r  was a d j u s t e d  t o  pH 8 . 0  and  t h e  
c h r o m a t o g r a m s  we re  o b t a i n e d  u s i n g  t h e  a b o v e  s e t  o f  
c o n d i t i o n s .  A f u r t h e r  s e t  was o b t a i n e d  u s i n g  b u f f e r  o f  pH 
8 . 5 .  In e a c h  c a s e  a s l i g h t l y  s h o r t e r  r e t e n t i o n  t i m e  and 
r e d u c e d  t a i l i n g  were  o b s e r v e d  w i t h  an  i n c r e a s e d  pH v a l u e  
b u t  no i m p r o v e me n t  i n  p e a k  s h a p e  and  r e s o l u t i o n  we re  
o b t a i n e d .
I o n i c  S t r e n g t h  a nd  pH G r a d i e n t
A m o b i l e  p h a s e  u t i l i z i n g  a pH g r a d i e n t  a l o n g  w i t h  
i o n i c  s t r e n g t h  g r a d i e n t  was u s e d .  A 20 mM t r i s  a c e t a t e  
b u f f e r  a t  pH 7 . 5  ( s o l v e n t  A) and  20  mM t r i s  a c e t a t e  b u f f e r  
c o n t a i n i n g  500  mM s od i um c h l o r i d e  a t  pH 8 . 5  ( s o l v e n t  B) 
w er e  u s e d .  The c o n c e n t r a t i o n  o f  s o l v e n t  B was i n c r e a s e d  t o  
i n c r e a s e  i o n i c  s t r e n g t h  and  pH v a l u e .  R e s u l t s  showed t h a t  
pH g r a d i e n t  and  i o n i c  s t r e n g t h  g r a d i e n t  was n o t  e f f e c t i v e .  
Cone 1 us  i on
A f t e r  e x t e n s i v e  t r i a l s ,  i n  wh i ch  more  t h a n  20  
c o m b i n a t i o n s  o f  i o n i c  s t r e n g t h  g r a d i e n t  a nd  pH g r a d i e n t  
w e re  t e s t e d ,  s u c c e s s f u l  r e s o l u t i o n  was n o t  a c h i e v e d .  I t  was
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c o n c l u d e d  t h a t  any  f u r t h e r  a t t e m p t  would  l i k e l y  be 
u n s u c c e s s f u l .  P r o b a b l y ,  t h e  n e g a t i v e  c h a r g e s  o f  c a l c i u m  
compounds  were  n o t  d i v e r g e n t  e nough  t o  be s e p a r a t e d  u s i n g  
a n  a n i o n  e x c h a n g e  co lumn and t h e  m o b i l e  p h a s e s  e x a m i n e d .
The s t u d y  o f  t h e  u s e  o f  a n i o n  e x c h a n g e  c o l um n s  f o r  u r i n a r y  
c a l c i u m  s e p a r a t i o n  was t h u s  a b a n d o n e d .
The t y p i c a l  c h r o m a t o g r a m  o b t a i n e d  u s i n g  an a n i o n  
e x c h a n g e  co lumn i s  shown i n  F i g u r e  70,  The summary of  
c o m b i n a t i o n s  o f  m o b i l e  p h a s e s  e xa mi n ed  i s  l i s t e d  i n  T a b l e  
2 1 .
T a b l e  2 1 :  M o b i l e  P h a s e s  T e s t e d  w i t h  Ani on  E x c ha ng e  Column
Column:  Wescan A n i o n / R  Column
S o l v e n t : i . ( a )  20 mM T r i s - a c e t a t e  b u f f e r  pH 7 . 5  
Cb) s o l v e n t  ( a )  p l u s  500 mM NaCl
Grad i e n t : - 0 - 100 % (b )  i n  30 min
- 0 -  100 % <b) i n  20  min
- 50 -  100 * Cb) i n  20  min
- 50 -  100 % (b)  i n  10 min
2. s o l v e n t s  ( a )  and  ( b )  a t  pH 8 . 0
G r a d i  e n t •  —» • same g r a d i e n t  modes
3. s o l v e n t s  ( a )  and  (b )  a t  pH 8 . 5
G r a d i  e n t : - same g r a d i e n t  modes
4. s o l v e n t  ( a )  pH 7 . 5  and  s o l v e n t  (b )  pH 8 . 5
G r a d i  e n t : - same g r a d i e n t  modes
c> Use o f  R e v e r s e d  P h a s e  Column
Anion Exchange Chromatograms
Sample :  U r i n e
Column: Uescan Anion/R
Mobi l e  Pha se  A: 20 mM T r i s - a c e t a t e  pH 7 . 5  
B: 20 mM T r i s - a c e t a t e  pH 7 . 5  
500 mM NaCl
G r a d i e n t :  0 it B t o  100 X B i n  20 min
Flow R a t e :  1 . 5  mL/min
D e t e c t o r  A: UV D e t e c t o r  a t  280 nm
B: Flame AAS a s  Ca S p e c i f i c  D e t e c t o r
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N e t h a n o 1/ w a t e r  m i x t u r e  was f i r s t  t e s t e d  t o  s e p a r a t e  
t h e  c a l c i u m  compounds .
V a r i o u s  r e v e r s e  p h a s e  co lu mn s  ( C- 2 ,  C-8 and C-18)  were  
t e s t e d  u s i n g  2 0 : 8 0  m e t h a n o 1/ w a t e r  m i x t u r e .  The r e s u l t s  
showed t h a t  r e g a r d l e s s  o f  t y p e s  o f  co lumn t e s t e d ,  u r i n a r y  
c a l c i u m  compounds  we r e  n o t  r e s o l v e d  on t h e  co l umn .  A f t e r  
t e s t i n g  e a c h  co lumn w i t h  1 0 : 9 0  m e t h a n o 1/ w a t e r  m i x t u r e  i t  
was c o n c l u d e d  t h a t  a t t e m p t s  t o  u s e  r e v e r s e d  p h a s e  co lumn 
would  n o t  l i k e l y  s u c c e e d  b e c a u s e  o f  t h e  i o n i c  c h a r a c t e r  of  
c a l c i u m  compounds .
Among a l l  t h e  c h r o m a t o g r a p h i c  c o n d i t i o n s  t e s t e d ,  an 
i o n  p a i r i n g  t e c h n i q u e  wh i ch  was u s e d  i n  t h e  p r e l i m i n a r y  
s t u d i e s  a p p e a r e d  t o  be mos t  p r o m i s i n g  i n  t e r m s  of  
r e s o l u t i o n .  R e f i n e m e n t s  on t h e  c o n d i t i o n  t o  p r o d u c e  b e t t e r  
c h r o m a t o g r a m s  were  p e r f o r m e d .
d)  Ion P a i r i n g  T e c h n i q u e s  w i t h  R e v e r s e d  P h a s e  Column
Most  c a l c i u m  compounds  i n  u r i n e  a r e  h i g h l y  p o l a r  and 
w a t e r  s o l u b l e .  They a r e  n o t  r e t a i n e d  i n  t h e  r e v e r s e d  p h a s e  
c o l umn  s u f f i c i e n t l y  t o  c a u s e  s e p a r a t i o n .
The r e t e n t i o n  o f  t h e  p o l a r  compounds ,  h o w e v e r ,  c a n  be 
i n c r e a s e d  by a d d i n g  a n  i o n  p a i r i n g  a g e n t  t o  t h e  m o b i l e  
p h a s e .  The mode o f  t h e  r e t e n t i o n  mechan i sm i s  
c o n t r o v e r s i a l .  T h r e e  m o d e l s  have  b e e n  s u g g e s t e d  i n  g e n e r a l .
2 4 0
1) Ion P a i r  M od e l ' 17
T h i s  model  p o s t u l a t e s  t h e  i n t e r a c t i o n  b e t w e e n  an  i o n i c  
s a m p l e  and  c o u n t e r  i o n  p a i r i n g  a g e n t .  The i o n i c  o r  
i o n i z a b l e  s o l u t e  f o r m s  a n e u t r a l  compound of  no c h a r g e  w i t h  
an  o p p o s i t e l y  c h a r g e d  i o n  ( i o n  p a i r i n g  a g e n t )  wh i ch  i s  
a d d e d  t o  m o b i l e  p h a s e .  The i o n  p a i r  f o r me d  b e h a v e s  a s  i f  i t  
we r e  a n e u t r a l  compound.  The a l k y l  c h a i n  o f  t h e  a g e n t  
c o n t r i b u t e s  t o  t h e  a f f i n i t y  t o w a r d  t h e  co lumn m a t e r i a l .  
S e p a r a t i o n  o c c u r s  d e p e n d i n g  on t h e  a f f i n i t y  o f  t h e  i o n  p a i r  
f o r  t h e  column m a t e r i a l .
2)  Dynamic I o n - E x c h a n g e  M o d e l 118
T h i s  model  p o s t u l a t e s  t h e  i n t e r a c t i o n  o f  t h e  i o n  
p a i r i n g  a g e n t  w i t h  t h e  co l umn  m a t e r i a l .  The a l k y l  c h a i n  o f  
t h e  i o n  p a i r i n g  a g e n t  i s  a d s o r b e d  o n t o  t h e  s u r f a c e  o f  
s t a t i o n a r y  p h a s e  and  t h e  c h a r g e d  s i d e  o f  a g e n t  i s  e x p o s e d  
t o  t h e  m o b i l e  p h a s e .  The co lumn t h e n  a c t s  a s  i f  i t  were  an  
i o n  e x c h a n g e  co l umn .  The s e p a r a t i o n  o c c u r s  d e p e n d i n g  on t h e  
i o n i c  i n t e r a c t i o n  b e t w e e n  c h a r g e d  s o l u t e  and o p p o s i t e l y  
c h a r g e d  co lumn s u r f a c e .
3)  Ion I n t e r a c t i o n  ( P a i r e d  Ion )  Mode l 11*
T h i s  model  p o s t u l a t e s  t h a t  t h e  a l k y l  c h a i n  o f  t h e  
a g e n t s  i s  a d s o r b e d  o n t o  t h e  s t a t i o n a r y  p h a s e  s u r f a c e  
f o r m i n g  a p r i m a r y  i o n  l a y e r .  Ne ar by  i s  a n  o p p o s i t e l y  
c h a r g e d  s e c o n d a r y  l a y e r  o f  i n o r g a n i c  i o n s  and b eyond  t h i s  
i s  t h e  b u l k  e l u e n t .  The a n a l y t e  t h e n  i n t e r a c t s  d y n a m i c a l l y
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w i t h  t h i s  d o u b l e  l a y e r  t h r o u g h  b o t h  e l e c t r o s t a t i c  and 
l i p o p h i l i c  f o r c e s .
In any  c a s e s ,  no m a t t e r  wha t  t h e  me c h a n i s ms  a r e ,  t h e  
e f f e c t  i s  r o u g h l y  t h e  same;  an  i n c r e a s e  i n  r e t e n t i o n  of  
i o n i c  compounds .  In t h i s  s t u d y ,  t h e  i o n  p a i r i n g  t e c h n i q u e  
was u s e d  t o  v a r y  t h e  r e t e n t i o n  t i m e  o f  t h e  u r i n a r y  c a l c i u m  
compounds  and p r o v i d e  c h r o m a t o g r a p h i c  s e p a r a t i o n .
e )  Use o f  Ion P a i r i n g  T e c h n i q u e
The f a c t o r s  t h a t  i n f l u e n c e s  t h e  s e p a r a t i o n  i n  g e n e r a !  
i n c l u d e  t h e  t y p e s  of  i o n  p a i r i n g  a g e n t s ,  t h e i r  
c o n c e n t r a t i o n s  and pH. T h e s e  f a c t o r s  were  f i r s t  a d j u s t e d  t o  
i n c r e a s e  r e t e n t i o n  t i m e  o f  c a l c i u m  i o n  i n  t h e  r e v e r s e d  
p h a s e  c o l umn .  Then ,  t h e  c o n d i t i o n  was f u r t h e r  r e f i n e d  u s i n g  
u r i n e  t o  o b t a i n  b e t t e r  r e s o l u t i o n  and r e p r o d u c i b i l i t y .
D i f f e r e n t  t y p e s  o f  c o l u m n s  (C-2 ,  C-8 and  C - 1 8 :  l e n g t h s
o f  a l k y l  c h a i n  o f  b onde d  s t a t i o n a r y  p h a s e )  a f f e c t  t h e  
r e t e n t i o n  t i m e s  and  a c c o r d i n g l y ,  e x p e r i m e n t a l  r e s u l t s .  In 
g e n e r a l ,  a C-2 t y p e  co lumn o f f e r e d  a s h o r t e r  r e t e n t i o n  t i m e  
o f  t h e  i o n  p a i r  t h a n  C-8 o r  C-18  c o l u m n s .  Hence ,  t h e  C-2 
t y p e  co lumn was s e l e c t e d  due  t o  t h e  a v a i l a b i l i t y ,  b u t  
o t h e r s  s u c h  a s  C-8  and C-18  a l s o  worked  a s  w e l l .
(1)  E f f e c t  of  Type  o f  I o n - P a i r i n g  A g e n t s  on R e s o l u t i o n  
I t  was f o u n d  t h a t  t h e  r e t e n t i o n  o f  c a l c i u m  i o n  was 
a f f e c t e d  by t h e  t y p e  o f  i o n  p a i r i n g  a g e n t ,  i . e .  l e n g t h  o f
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a l k y l  c h a i n . 1* 0 F i v e  d i f f e r e n t  t y p e s  o f  i o n  p a i r i n g  a g e n t s  
( m e t h y l  s u l f o n i c  a c i d ,  b u t y l  s u l f o n i c  a c i d ,  sod i um h e p t a n e  
s u l f o n a t e ,  sod ium o c t a n e  s u l f o n a t e  and  s od i um d o d e c a n e  
s u l f o n a t e )  we re  t e s t e d .  The t e s t  m o b i l e  p h a s e  was composed  
of  1 . 0  mM o f  i o n - p a i r i n g  a g e n t  and 20 mM sod i um a c e t a t e  
b u f f e r  and i t s  pH was a d j u s t e d  t o  4 . 2  w i t h  a c e t i c  a c i d .  The 
e f f e c t  o f  t h e  i o n  p a i r i n g  a g e n t s  on t h e  r e t e n t i o n  of  
c a l c i u m  i o n  was s t u d i e d .  The r e s u l t s  a r e  shewn i n  F i g u r e  
71.
Under  t h e s e  c o n d i t i o n s ,  m e t h a n e  s u l f o n i c  a c i d  and 
b u t a n e  s u l f o n i c  a c i d  d i d  n o t  r e t a i n  t h e  c a l c i u m  i o n  
e f f e c t i v e l y .  B o t h  n - h e p t a n e  and n - o c t a n e  s u l f o n a t e  s od ium 
s a l t  gave  r e a s o n a b l e  r e t e n t i o n  t i m e s  a s  shown i n  F i g u r e  71.
A n - h e p t a n e  s u l f o n a t e  s od i um s a l t  was c h o s e n  f o r  f u r t h e r  
i n v e s t i g a t i o n .
(2)  E f f e c t  o f  C o n c e n t r a t i o n  o f  I o n - P a i r i n g  A g e n t s
I t  was n o t e d  t h a t  t h e  c o n c e n t r a t i o n  of  t h e  i o n  p a i r i n g  
a g e n t  a l s o  a f f e c t e d  t h e  c a l c i u m  i o n  r e t e n t i o n .  The 
c o n c e n t r a t i o n s  o f  0 . 1  mM, 0 . 5  mM, 1 . 0  mM, 2 . 0  mM and  5 . 0  mM 
n - h e p t a n e  s u l f o n a t e  s o l u t i o n  were  t e s t e d .  The 20 mM sodium 
a c e t a t e  b u f f e r  s o l u t i o n  a t  pH 4 . 2  was u s e d  a g a i n .  At  
c o n c e n t r a t i o n s  l e s s  t h a n  1 . 0  mM, t h e  c a l c i u m  i o n  was n o t  
r e t a i n e d  e f f e c t i v e l y ,  p r o b a b l y  due t o  a n  i n s u f f i c i e n t  
amo un t  o f  i o n - p a i r i n g  a g e n t .  One mM a n d / o r  Two mM o f  i o n  
p a i r i n g  a g e n t  p r o d u c e d  a c c e p t a b l e  r e t e n t i o n  t i m e s  and  p eak
2**3
sodium d od ecy l su lfo n a te
sodium octane su lfo n a te
sodium heptane su lfo n a te
butane s u lfo n ic  a c id
methane s u l fo n ic  a c id
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s h a p e s .  At  5 . 0  mM t h e  r e t e n t i o n  t i m e  of  t h e  c a l c i u m  i o n  was 
t o o  l ong  and t h e  p e a k  o b t a i n e d  was v e r y  b r o a d .  Two mM of  
sodium h e p t a n e  s u l f o n a t e  was s e l e c t e d  f o r  f u r t h e r  s t u d y .
(3)  E f f e c t  o f  pH
The pH of  t h e  m o b i l e  p h a s e  was a l s o  i m p o r t a n t  i n  t h e  
i o n  p a i r i n g  t e c h n i q u e .  The c o r r e c t  pH i s  n e c e s s a r y  t o  
d i s s o c i a t e  t h e  i o n - p a i r i n g  a g e n t  and t h e  m e t a l  compound 
f u l l y  and  e n a b l e  maximum i n t e r a c t i o n .  But  t h e  pH mus t  n o t  
be t o o  low o r  i t  w i l l  p r o h i b i t  t h e  f o r m a t i o n  o f  t h e  i o n  
p a i r .  O b s e r v a t i o n s  we re  made a t  pH 5 . 5 ,  4 . 5 ,  4 . 2  and  3 . 8 ,  
r e s p e c t i v e l y .  In g e n e r a l ,  h i g h  pH v a l u e  p r o d u c e d  long  
r e t e n t i o n  t i m e  and  b r o a d e n e d  p e a k .  A pH v a l u e  o f  4 . 2  and 
3 . 8  p r o d u c e d  a c c e p t a b l e  r e t e n t i o n  t i m e s  and p eak  s h a p e s .  A 
pH 4 . 2  was s e l e c t e d  i n  t h i s  s t u d y .
B u f f e r  c o n c e n t r a t i o n s  a l s o  a f f e c t e d  t h e  c h r o m a t o g r a m s  
o f  u r i n a r y  c a l c i u m  compounds .  Sodium a c e t a t e  b u f f e r  5 mM,
10 mM, 20 mM and  50 mM were  t e s t e d .  At  low b u f f e r  
c o n c e n t r a t i o n  (5 mM), h i g h  r e s o l u t i o n  was o b t a i n e d  b u t  
r e p r o d u c i b i l i t y  was p o o r .  High  b u f f e r  c o n c e n t r a t i o n  ( 50  mM) 
o f f e r e d  a  good r e p r o d u c i b i l i t y  b u t  a l s o  s l i g h t l y  r e d u c e d  
r e s o l u t i o n .  O p e r a t i n g  w i t h  a  b u f f e r  c o n c e n t r a t i o n  of  10 mM 
or  20 mM y i e l d e d  a c h r o m a t o g r a m  w i t h  good r e p r o d u c i b i l i t y  
and a c c e p t a b l e  r e s o l u t i o n ;  10 mM a c e t a t e  b u f f e r  was 
s e l e c t e d  f o r  f u r t h e r  s t u d y .
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The summary o f  co lumn and  m o b i l e  p h a s e  s e l e c t i o n  i s  
l i s t e d  i n  T a b l e  22 .
T a b l e  2 2 .  C h r o m a t o g r a p h y  C o n d i t i o n s  T e s t e d  w i t h  Ion P a i r
Column:  L i c h r o s o r b  RP-2*
Ion P a i r  A g e n t :  m e t h a n e  s u l f o n i c  a c i d
b u t a n e  s u l f o n i c  a c i d  
sod i um h e p t a n e  s u l f o n a t e *  
sod i um o c t a n e  s u l f o n a t e  
soiii'Tomr d o d e e a n e  s u l f o n a t e  
C o n c e n t r a t i o n :  0 . 1  mM s od i um h e p t a n e  s u l f o n a t e
0 . 5  mM s od i um h e p t a n e  s u l f o n a t e
1 . 0  mM s od i um h e p t a n e  s u l f o n a t e
2 . 0  mM s od i um h e p t a n e  s u l f o n a t e *
5 . 0  mM s od i um h e p t a n e  s u l f o n a t e  
pH: 5 . 5 ,  4 . 5 ,  4 . 2 * ,  3 . 8  w i t h  a c e t i c  a c i d  
B u f f e r :  5 mM s od i um a c e t a t e
10 mM s od i um a c e t a t e *
20 mM s od iu m a c e t a t e  
50 mM s od i um a c e t a t e  
10 mM ammonium a c e t a t e  
20 mM ammonium a c e t a t e  
M o d i f i e r :  10 mM sod i um c h l o r i d e *
* : S e l e c t e d  f a c t o r  f o r  f u r t h e r  s t u d y
The e f f e c t  o f  v a r i o u s  c o n c e n t r a t i o n s  o f  m e t h a n o l  a d ded  
t o  t h e  i o n  p a i r i n g  s o l v e n t  was s t u d i e d .  In g e n e r a l ,  t h e  
p r e s e n c e  o f  h i g h  c o n c e n t r a t i o n s  o f  m e t h a n o l  r e d u c e d  t h e
246
r e t e n t i o n  t i m e .  The f i n a l  c h r o m a t o g r a p h i c  c o n d i t i o n s  c h o s e n  
f o r  u r i n a r y  c a l c i u m  compound s e p a r a t i o n  a r e  l i s t . e d  i n  T a b l e  
23.
T a b l e  23 .  C h r o m a t o g r a p h i c  C o n d i t i o n s  w i t h  Ion P a i r  
T e c h n i q u e
1. Column:  L i c h r o s o r b  RP-2 ,  10 3 . 8  mm x 25 cm
2.  S o l v e n t  A: 10 mM Sodium A c e t a t e
10 mM Sodium C h l o r i d e  
2 mM Sodium H e p t a n e  S u l f o n a t e  
0 . 5  mM EDTA
pH 4 . 2  w i t h  A c e t i c  Ac id  
S o l v e n t  B: 50 % Me t hano l  i n  Wate r
G r a d i e n t :  10 % B t o  30 % B i n  10 min and  s t a y  f o r  5 min.
3.  S o l v e n t  Flow R a t e :  1 . 5  mL/min
4.  I n j e c t i o n  Volume:  100 julL
5.  F lame  AAS: Ca a t  4 2 2 . 7  nm w i t h  s l i t  w i d t h  0 . 7  nm.
6.  T h e r m o s p r a y  n e b u l i z e r :  130 w a t t .
The t y p i c a l  c h r o m a t o g r a m s  o f  u r i n e  u s i n g  t h e  a bo ve  
c o n d i t i o n s  a r e  shown i n  F i g u r e  72 ,  whe r e  t h e  u r i n e  o f  two 
i n d i v i d u a l s  a r e  c o m p ar e d .  The l a s t  p e a k  was c o n f i r m e d  t o  be 
i o n i c  c a l c i u m .  The c a l c i u m  compound e l u t e d  e a r l i e r  t h a n  
c a l c i u m  i o n  r e p r e s e n t e d  t h e  compounds  n o t  i n t e r a c t e d  w i t h  
an  i o n  p a i r i n g  a g e n t  r e a d i l y  o r  i n t e r a c t e d  o n l y  p a r t i a l l y .  
I t  a p p e a r e d  t h a t  t h e  c h r o m a t o g r a m s  p r o d u c e d  f rom u r i n e  
s a m p l e s  f rom d i f f e r e n t  i n d i v i d u a l s  were  s l i g h t l y  d i f f e r e n t
Chromatogram o f  Calcium In Urine  from D i f f e r e n t  
I n d i v i d u a l s  u s i n g  Ion P a i r i n g  Chromatography  
C h ro m a to g ra p h ic 'C o n d i t io n s  a r e  l i s t e d  in  th e  t e x t .
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b u t  m a j o r  p e a k s  a p p e a r e d  i n  e a c h  c a s e .  T h i s  may i n d i c a t e  
t h a t  d i f f e r e n t  i n d i v i d u a l s  e x c r e t e  s i m i l a r  t y p e s  o f  c a l c i u m  
compounds  b u t  w i t h  some d i f f e r e n c e s .  A wide  r a n g e  o f  
c l i n i c a l  s a m p l e s  w i l l  be  n e c e s s a r y  t o  b r i n g  more 
s i g n i f i c a n c e  t o  t h i s  s t u d y .
P e r s p i r a t i o n  S t u d i e s
The c h r o m a t o g r a m  of  c a l c i u m  compounds  i n  p e r s p i r a t i o n  
were  o b t a i n e d  u s i n g  t h e  same c h r o m a t o g r a p h i c  c o n d i t i o n s  a s  
t h o s e  u s e d  f o r  u r i n e ,  so  t h a t  t h e  r e s u l t s  c o u l d  be  compar ed  
e q u a l l y .  The r e s u l t s  a r e  shown i n  F i g u r e  73,  where  
p e r s p i r a t i o n  o f  two i n d i v i d u a l s  a r e  c o m p ar e d .  P o o r l y  
r e s o l v e d  p e a k s  were  o b s e r v e d .  No f u r t h e r  e f f o r t s  were  made 
t o  i mp r o ve  t h e  r e s o l u t i o n .  N o n e t h e l e s s ,  i t  a p p e a r e d  t h a t  
t h e  c h r o m a t o g r a m s  o f  p e r s p i r a t i o n  s a m p l e s  f rom d i f f e r e n t  
i n d i v i d u a l s  we re  s l i g h t l y  d i f f e r e n t .
F u r t h e r ,  t h e  r e s u l t s  showed t h a t  i n d i v i d u a l s  e x c r e t e d  
p e r s p i r a t i o n  c o n t a i n i n g  s e v e r a l  c a l c i u m  compounds  which  
a p p e a r e d  t o  be  d i f f e r e n t  f r om t h o s e  o f  u r i n e .
A t t e m p t  t o  I d e n t i f y  t h e  C a l c i u m  Compounds i n  U r i n e  and  
P e r s p i r a t i o n
HPLC-AAS s y s t e m  i d e n t i f i e d  s e v e r a l  c a l c i u m  compounds  
s p e c i f i c a l l y  i n  t h e  p r e s e n c e  o f  v e r y  c o m p l i c a t e d  m a t r i c e s ,  
c o n t a i n i n g  h i g h  s a l t s  and o r g a n i c  c o n s t i t u e n t s .  A l t h o u g h
Figure 
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HPLC-AAS s y s t e m  p r o v i d e d  t h e  means  o f  c a l c i u m  compounds  
s e p a r a t i o n  and i d e n t i f i c a t i o n ,  t h e  s y s t e m  i t s e l f  d o e s  n o t  
p r o v i d e  t h e i r  s t r u c t u r a l  i n f o r m a t i o n s .  I f  u s e d  w i t h  
s t a n d a r d  compounds ,  h o we v er ,  i t  c o u l d  y i e l d  u n e q u i v o c a l  
i n f o r m a t i o n  o f  t h e  compounds .  U n f o r t u n a t e l y ,  no s t a n d a r d  
c a l c i u m  compounds  e x c e p t  c a l c i u m  i o n  were  a v a i l a b l e  t o  
c o m p l e t e  s p e c i a t i o n  s t u d i e s .
Thus ,  s t u d i e s  we re  i n i t i a t e d  t o  d e d u c e  t h e  m o l e c u l a r  
w e i g h t ,  t y p e s  o f  compounds ,  and  h o p e f u l l y  t o  g e t  t h e  
s t r u c t u r a l  i n f o r m a t i o n  o f  e a c h  c omp o nen t  u s i n g  MS and  IR.
a )  S i z e  E x c l u s i o n  Column
In o r d e r  t o  g e t  a p r e l i m i n a r y  i d e a  on t h e  m o l e c u l a r  
w e i g h t  o f  u r i n a r y  c a l c i u m  compounds ,  t h e  u r i n e  was f i r s t  
a n a l y z e d  u s i n g  s i z e  e x c l u s i o n  co lumn.
E x p e r i m e n t a l  and  R e s u l t s
B i o g e l  P - 2  Gel (400  mesh ,  o b t a i n e d  f rom Bi oRad ,
Richmond,  CA) co l umn  ( 1 . 6  cm i . d .  x 44 cm bed  h e i g h t )  was 
p r e p a r e d  a c c o r d i n g  t o  t h e  recommended p r o c e d u r e s  by 
m a n u f a c t u r e r .  The bed volume of  t h e  s u b s e q u e n t  co l umn  was 
6 8 . 5  mL.
One mL o f  w ho l e  u r i n e  was l o a d e d  o n t o  t h e  co lumn u s i n g  
a n  a u t o  p i p e t .  E i g h t y  d r o p s  o f  e f f l u e n t  ( 1 . 4  mL) was 
c o l l e c t e d  i n t o  e a c h  t u b e  u s i n g  f r a c t i o n  c o l l e c t o r .  Each
251
f r a c t i o n  was t h e n  a n a l y z e d  f o r  t h e  p r e s e n c e  o f  c a l c i u m  
compounds  u s i n g  a f l a m e  AAS. A b s o r p t i o n  a t  280  nm was a l s o  
m e a s u r e d  t o  i d e n t i f y  t h e  o r g a n i c  compounds ,
E 1u e n t
F i r s t ,  20 mM t r i s - c h 1 o r i d e  b u f f e r  s o l u t i o n  a t  pH 7 . 2  
was u s e d  a s  an  e l u t i n g  s o l v e n t .  U r i n a r y  c a l c i u m  compounds  
b e g a n  t o  e l u t e  a f t e r  60 mL o f  e l u t i o n  v o l ume ,  wh i ch  
c o r r e s p o n d s  t o  500  - 600  d a l  t o n s .  However ,  t h e  p eak  was n o t  
r e s o l v e d  b u t  e l u t e d  a s  a b r o a d  p e a k .  The r e s u l t  i s  shown i n  
F i g u r e  74.
In o r d e r  t o  i mp r o v e  t h e  r e s o l u t i o n ,  one  h u n d r e d s  mM 
s od iu m c h l o r i d e  s o l u t i o n  and  t h e n  20 mM t r i s - c h 1 o r i d e  
b u f f e r  c o n t a i n i n g  100 mM s od iu m c h l o r i d e  we r e  t e s t e d  a s  an 
a l t e r n a t e  e l u t i n g  s o l v e n t .  However ,  t h e  r e s u l t s  we r e  
s i m i l a r  t o  t h e  f i r s t  on e .  No i m p r o v e m e n t s  i n  r e s o l u t i o n  
we re  o b s e r v e d .
P r o b a b l y ,  u r i n a r y  c a l c i u m  compounds  a r e  s m a l l  and  a r e  
n o t  s u i t a b l e  t o  be  s e p a r a t e d  u s i n g  ge l  co l umn .  U s i ng  
c u r r e n t  d a t a ,  t h e  m o l e c u l a r  w e i g h t  o f  u r i n a r y  c a l c i u m  
compounds  a p p e a r e d  t o  r a n g e  f rom a s  h i g h  a s  600 d a l  t o n s  t o  
a s  low a s  c a l c i u m  i o n .
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A f t e r  l o c a t i n g  c a l c i u m  p e a k s  w i t h  HPLC-AAS s y s t e m ,  we 
p l a n e d  t o  u s e  an  o n - l i n e  HPLC-MS t o  o b t a i n  m o l e c u l a r  w e i g h t  
and  s t r u c t u r a l  i n f o r m a t i o n  on t h e  c a l c i u m  compounds .  The 
c h r o m a t o g r a p h i c  c o n d i t i o n s  would  be i d e n t i c a l  t o  t h o s e  u s e d  
i n  t h e  HPLC-AA s y s t e m  t o  l o c a t e  t h e  c a l c i u m  compounds .
Us i n g  r e t e n t i o n  t i m e s  a s  a g u i d e  t o  t h e  MS, m o l e c u l a r  
i n f o r m a t i o n  on t h e s e  p e a k s  would  be o b t a i n e d .  However ,  due 
t o  t h e  l a c k  o f  a v a i l a b i l i t y  o f  t h e  o n - l i n e  HPLC-MS s y s t e m  
d u r i n g  t h e  p e r i o d  o f  r e s e a r c h ,  i t  was n e c e s s a r y  t o  t r a p  o u t  
t h e  c a l c i u m  compounds  and i n t r o d u c e  them i n t o  MS.
One h u n d r e d  * L  o f  s a m p l e  was i n j e c t e d  and  c h r o m a t o g r a m  
f rom HPLC-AAS was o b t a i n e d .  A f t e r  c o n f i r m i n g  t h e  
r e p r o d u c i b i l i t y  o f  c h r o m a t o g r a m s ,  t h e  f l a m e  AAS d e t e c t o r  
was d i s c o n n e c t e d  f rom t h e  HPLC. The p e a k s  c o n t a i n i n g  
c a l c i u m  wh ic h  e l u t e d  a t  2 min and  3 min i n  F i g u r e  72 ,  and 
a t  2 min and  4 . 2  min In  F i g u r e  73 we r e  c o l l e c t e d  b a s e d  on 
t h e  r e t e n t i o n  t i m e s .
A f t e r  f r e e z e  d r y i n g ,  t h e s e  compounds  we re  a n a l y z e d  
u s i n g  FAB-MS and  DIP-MS t o  g e t  i n f o r m a t i o n  on t h e  m o l e c u l a r  
w e i g h t  and h o p e f u l l y  on t h e  s t r u c t u r e .
The r e s u l t s  a r e  shown i n  F i g u r e s  75 and  76 f o r  c a l c i u m  
compounds  i n  u r i n e  and  F i g u r e s  77 and  78 f o r  c a l c i u m  
compounds  i n  p e r s p i r a t i o n .  I t  was v e r y  d i f f i c u l t  t o  o b t a i n  
a ny  v a l u a b l e  i n f o r m a t i o n  o f  t h e s e  compounds  due t o  t h e  
c o m p l e x i t y  o f  t h e  s p e c t r u m s .  For  e x a m p l e ,  i t  was n o t  c l e a r
2 54
wh i ch  was t h e  p a r e n t  mass  o f  t h e  c a l c i u m  compounds  s i n c e  
none  o f  t h e  h i g h  m o l e c u l a r  w e i g h t  p e a k s  showed M-40 p e a k s  
e x p e c t e d  w i t h  c a l c i u m  compounds .  A t t e m p t s  t o  g e t  m o l e c u l a r  
s t r u c t u r e  u s i n g  DIP-MS we re  f u t i l e  b e c a u s e  t h e  s p e c t r u m s  
were  v e r y  c o m p l i c a t e d  and  p a r t i c u l a r l y  c a l c i u m  compounds  
were  n o t  v o l a t i l e .  T h e s e  may be  c a u s e d  by t h e  p r e s e n c e  of  
m o b i l e  p h a s e  c o m p o s i t e s ,  c o e l u t i n g  compounds  a s  w e l l  a s  an  
i n e f f i c i e n c y  o f  p eak  c o l l e c t i o n  and t r a n s p o r t a t i o n  t o  MS.
As a  c o m p l e m e n t a r y  t e c h n i q u e  t o  MS, IR s p e c t r o m e t e r  
was s u g g e s t e d  i n  o r d e r  t o  o b t a i n  some i n f o r m a t i o n  on t h e  
c a l c i u m  compounds .  The FT- IR was u s e d  a t  m u l t i p l e  s c a n  t o  
i n c r e a s e  s e n s i t i v i t y  b e c a u s e  o r d i n a r y  IR was n o t  s e n s i t i v e  
e nough  f o r  t h e  c a l c i u m  s a m p l e s .  However ,  IR r e f e r e n c e  
v a l u e s  and  c a l c u l a t i o n s  i n d i c a t e d  t h a t  c a l c i u m  bond s u c h  a s  
Ca-O,  Ca - S  and  Ca-N would  e x h i b i t  a b s o r p t i o n s  a t  be low 200 
cm- 1 , wh i ch  was n o t  a v a i l a b l e  IR r a n g e .  A l t h o u g h  IR seemed 
n o t  t o  be a  good t e c h n i q u e  f o r  o u r  p u r p o s e s  f o r  
c o m p l e t e n e s s ,  we o b t a i n e d  t h e  IR s p e c t r u m s  t o  o b s e r v e  t h e  
g e n e r a l  c h a r a c t e r s  o f  c a l c i u m  c o n t a i n i n g  p e a k s .
The r e s u l t s  o f  FT - I R  a r e  shown i n  F i g u r e s  79 and  80 
f o r  c a l c i u m  i n  u r i n e  and F i g u r e s  81 and  82 f o r  c a l c i u m  i n  
p e r s p i r a t i o n .  From t h e s e  r e s u l t s ,  we were  n o t  a b l e  t o  draw 
a r e a s o n a b l e  i n f o r m a t i o n  on t h e  c a l c i u m  compounds .
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FAB-Mass Spectrum of Calcium Compounds in Urine
(Peak at 2 min in Figure 72)
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FAB-Mass Spectrum of Calcium Compounds in Urine
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FAB-Mass Spectrum of Calcium Compounds in Perspiration
(Peak at 2 min. in Figure 73)
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FAB-Mass Spectrum of Calcium Compounds in Perspiration
(Peak at 4.2 min. in Figure 7 3 )
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FT-IR  S p e c t r u m  o f  C a l c i u m  Compounds In U r i n e
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FT-IR S p e c tr u m  o f  C a l c i u m  Compounds i n  P e r s p i r a t i o n
















FT-IR S p e c tr u m  o f  C a l c i u m  Compounds i n  P e r s p i r a t i o n









4 .  C o n c l u s i o n
HPLC-Flame AAS h a s  d e m o n s t r a t e d  i t s  u s e f u l n e s s  i n  
s p e c i a t i o n  s t u d i e s  o f  c a l c i u m  compounds  i n  body  f l u i d s .  
T h e r m o s p r a y  AAS p r o v i d e d  s e n s i t i v i t y  and s e l e c t i v i t y  of 
c a l c i u m  compounds  In  t h e  p r e s e n c e  o f  v e r y  compl ex  m a t r i c e s .
S t u d i e s  h a ve  shown t h a t  u r i n e  c o n t a i n e d  s e v e r a l  
c a l c i u m  compounds  w h i c h  d i f f e r  f rom t h o s e  o f  p e r s p i r a t i o n .
Ah i n d i v i d u a l  p r o d u c e d  a s l i g h t l y  d i f f e r e n t  c h r o m a t o g r a m s  
b o t h  i n  u r i n e  and  p e r s p i r a t i o n .
C a l c i u m  i o n  was i d e n t i f i e d  by r e t e n t i o n  t i m e .  An 
a t t e m p t  t o  i d e n t i f y  o t h e r  e l u t i n g  p e a k s  u s i n g  MS and IR 
w er e  n o t  s u c c e s s f u l .  The d i f f i c u l t i e s  a s s o c i a t e d  i n  t h e  
i d e n t i f i c a t i o n  o f  c a l c i u m  compounds  i n c l u d e  t h e  p r e s e n c e  of  
c o e l u t i n g  compounds ,  p r e s e n c e  o f  m o b i l e  p h a s e  c o m p o s i t e s ,  
i n s t a b i l i t y  o f  t h e  s a m p l e ,  w i de  v a r i a t i o n  o f  c a l c i u m  
c o n c e n t r a t i o n  i n  s a m p l e s  and  u n s u i t a b l e  d e t e c t i o n  
t e c h n i q u e s .
High  r e s o l u t i o n  c a p i l l a r y  HPLC may p r o v i d e  a b e t t e r  
s e p a r a t i o n .  O n - l i n e  c a p i l l a r y  HPLC/AA s y s t e m  c o u l d  t h e n  be 
u s e d  t o  l o c a t e  t h e  c a l c i u m  compounds  and  c a p i l l a r y  HPLC/MS 
s y s t e m  c o u l d  be  u s e d  t o  y i e l d  s t r u c t u r a l  i n f o r m a t i o n .  
I n v e s t i g a t i o n s  u s i n g  t h e s e  i n s t r u m e n t s  were  n o t  f e a s i b l e  
d u r i n g  t h e  p e r i o d  o f  r e s e a r c h ,  b e c a u s e  o f  t h e y  w e r e  n o t  
a v a i l a b l e .  S t u d i e s  u s i n g  t h i s  t y p e  o f  t e c h n i q u e  would  be 
more  i n f o r m a t i v e  i n  t h e  s p e c i a t i o n  of  body  f l u i d s .
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